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POTATO X VIRUS 


PART I. THE SIZE AND SIZE DISTRIBUTION OF 
POTATO X VIRUS IN TOBACCO SAP! 


M. E. REICHMANN 


ABSTRACT 


Assuming an irreversible, random, end-to-end aggregation of a small percentage of potato 
X virus in tobacco sap, the flow birefringence parameters of such polydisperse systems have 
been calculated. The extinction angles x were evaluated for different values of the ratio 
G/@; (G gradient, @; rotary diffusion constant of non-aggregated virus) for preparations con- 
taining between 0 and 15% by weight of aggregated material. A particle length of 6200 A 
for the non-aggregated virus particle was derived and an amount of 13-15% aggregated 
material was estimated. 

A partially purified and fractionated preparation of potato X virus was also investigated 
and an average particle length of 5400 A was derived. Because of the possible contribution 
of small fragments, this length was taken as the lower limit. 

The flow birefringence —- gradient curve indicated that the potato X virus behaves like 
a rigid particle. No evidence of flexibility was obtained from extinction angle - gradient 
measurements in the range 0.1-0 M pho sphate buffer concentrations at pH 7.2. 


INTRODUCTION 

The tendency of the elongated plant viruses to aggregate irreversibly in an end-to-end 
fashion, in the process of isolation and purification, has made it difficult to study the 
shape and size of these viruses in solution (1, 2, 3, 4). The potato X virus in particular 
presents a difficult problem, as even mild treatment of ultracentrifugation renders 
much of the material insoluble (1, 3). The value of physicochemical studies on such 
preparations is, therefore, somewhat phon (5, 6). The most reliable data on the 
size and size distribution of this virus come from electron microscope studies of untreated 
plant sap (7, 8), where a uniform particle length of 500 to 525 my and 10 my thickness 
is indicated with a small amount of the virus material present in the form of higher 
end-to-end aggregates of this elementary particle. However, since the information 
obtained from electron microscopy is pertinent only to the non-hydrated virus and, 
moreover, breakage or aggregation of particles can occur during the preparation of 
electron microscopic specimens (9, 10, 11), an investigation of the virus size and size 
distribution in the hydrated form is highly desirable. This paper deals with an analysis 
of flow birefringence measurements made on tobacco sap infected with potato X virus. 
In addition, a partial purification of the virus is described. In the process the aggregated 
fraction present in the sap was preferentially removed. Flow birefringence measurements 
on this preparation made it possible to determine the lower limit of the characteristic 
particle size. The flow birefringence technique is particularly suitable for such studies, 
because of its great sensitivity to the particle length (12) and because of the absence 
of flow birefringent material in the sap of healthy tobacco after freezing. 

1 Manuscript received July 6, 1958. 

Contribution No. 2, Chemistry Division, Science Service, Canada Department of Agriculture Research 
Laboratory, Vancouver, B.C. 
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Theory 

In the treatment that follows, three assumptions are made: 1. The elementary virus 
particle (here referred to as monomer) as well as the aggregates (polymers) is sufficiently 
rigid to be treated as rigid ellipsoids of revolution. 2. The end-to-end aggregation 
occurs at random. 3. The axial ratio is greater than five. Assumptions 1 and 2 are dis- 
cussed further in the last section of this paper, while assumption 3 is certainly justified 
by electron microscopy data (4, 7). 

The flow birefringence theory for polydisperse systems has been treated by Sadron 
(13). The flow birefringence parameters have been evaluated for Gaussian (14) and Mon- 
troll-Simha distribution functions (15, 16). In the case of random linear aggregation 
the distribution function will have a different form. The problem can be treated essenti- 
ally as one of a bifunctional monomer undergoing condensation polymerization. Flory 
has treated the distribution of x-mers in such a system, and the weight fraction of x-mers 
W, is given by the following expression (17): 

[1] ¥, = "tl — py’, 

where p is the total fraction of material which has undergone polymerization. In the 
case of rigid particles the above expression also gives the size distribution WL,: 

[2] WL, = L,/L, p2/4*" (1—p)?. 

Here L, is the length of the x-mer and x has been replaced by Z,/L,;. By carrying out 
the summation over all x’s from 1 to © one can see that the function is normalized. 
This distribution function can thus be used for a derivation of the flow birefringence 
parameters: the extinction angle y and the rotary diffusion constant @. If the axial 


ratio of the monomer is greater than five, the rotary diffusion constant varies inversely 
as the cube of the particle length (16, 18) and the following relationship applies: 


' i / 
[3] x = L,/L, = (6,/0,)' = (a;/a,)$ = y. 
Here the a's represent the ratio of the velocity gradient G to the respective rotary diffusion 
constant. The distribution function can now be expressed in terms of @ and p only: 
[4] W, = yp” (1—p)?, 

1 . - 
Y = (a; a@,)* can only assume integer values from 1 to o. 
The extinction angle x in a polydisperse system is given by the following expression 
§ X : ” : : ‘ t 


(14, 16): 
tan 2x = A/B, 


where 
[5] A= ¥ W,f(a,) sin2¢,, B = )) W.f(az) cos 2¢,, 
r=1 r=1 


¢, is the extinction angle of the x-mer, and f(a@,) is a form factor. Both quantities can 
be found in the tables of Scheraga, Edsall, and Gadd (19). Introducing W, in terms 
of a from [4]: 


” 


[6] A = (1—p)? © yp? "f(a,) sin 2¢, 
y=1 
B = (1—p)° z yp” "F(a;z) COs 2 ox. ’ 


y=1 
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For values of p not exceeding 0.15 (less than 15° aggregated material) the series 
converge rapidly and the fifth term (y = 5) does not contribute more than 2% to the 
sum. A and B and thus x can be evaluated by neglecting higher terms in the series. 
Table I gives the values of x for a, = 0-4 and for p = 0.02-0.15. Figure 1 represents 
a plot of x vs. a; for various degrees of aggregation p. 











> od, 


Fic. 1. Extinction angle - gradient curves for polydisperse systems with a Flory distribution function 
and various fractions p of aggregated material. 


For values of a; greater than four, a, becomes too large and the values of f(a,) and 
¢; in the tables of reference (19) are somewhat dubious. This, however, does not matter, 
as the largest deviations from the monodisperse curve p = 0 occur in the region of low 
a’s. From the best fit of the theoretical and experimental curves in this region the amount 
of aggregated material p, as well as the rotary diffusion constant of the monomer, 4,, 
can be determined. For prolate ellipsoids of revolution (16): 


= ——_ —( 9 9 
6 nL 5h 1+2 In 28) 


where k is Boltzman’s constant, T is the absolute temperature, 7 is the solvent viscosity, 
and @ is the axial ratio. The length of the monomeric virus particle has been calculated 
from this equation assuming 8 = 60 (4, 7). LZ; and 6,, however, are not very sensitive 
to the axial ratio 8, because of the logarithmic dependency. 
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rABLE I 


VALUES OF EXTINCTION ANGLES xy AT VARIOUS VALUES OF a; (see text) FOR FLOoRY 
DISTRIBUTION FUNCTIONS CONTAINING A FRACTION p OF HIGHER AGGREGATES 


p = 0.02 b= 05 p = 0.07 
a x a x a x 
0 O05 44.23 0 O05 1:3 22 0 05 $2 51 
0 10 $3.50 0.10 42 00 0.10 $1.03 
0 25 $1.71 0.25 39.13 0 25 37.638 
0 50 30 62 0.50 36.29 0 50 34.35 
1 00 37.14 1 00 33.34 1.00 31.27 
2 00 20.55 2.00 30.35 2 00 28 50 
3.00 30.40 3.00 27.82 3.00 26.27 
1 OO 27 69 $ OO 25 56 $ OO 24.26 
»>=0.10 b=0.13 b=0.15 
ay xX ay xX ay x 
0 O05 41.68 0 05 10 61 0.05 10 02 
0 10 39.51 0 10 38.07 0.10 7.3 
0 25 35. 61 0.25 33.83 0.25 32 64 
0.50 32.02 0 50 30 04 0 50 28 Sl 
1 00 28 66 1.00 2650 1 00 25.26 
2 00 26 07 2 00 23.91 2 00 a2. 7a 
3.00 24. 16 3.00 22.23 3.00 21.21 
t OO 22 50 1 00 21 00 $ OO 20.10 


MATERIAL AND METHODS 


Preparation of Sap 

One-month-old tobacco seedlings were infected with a severe potato X strain, isolated 
from a single lesion on Gomphrena globosa.* Two weeks atter inoculation the young 
leaves were harvested and kept frozen overnight. They were then thawed at 5° C and 
squeezed in a mortar with a pestle. The sap was centrifuged for 45 minutes at 3500 
r.p.m. All the operations were carried out in a cold room (0-5° C), and the brown color 
of the supernatant sap was not strong enough to interfere with the flow birefringence 
measurements. The extinction angles at various gradients were measured with a flow 
birefringence apparatus manufactured by the Rao Instrument Company, Brooklyn 5, 
New York (20, 22). 

For more accurate measurements the sap was concentrated in a Petri dish in a desic- 
cator to } of its original volume. This did not change the values of the extinction angles. 
Dilutions were made with distilled water. The amount of birefringence was never less 
than 10° expressed in terms of the phase difference (which is twice the angular rotation 
of the Senarmont compensator). Under these conditions the isoclines were sharp enough 
to permit a reproducibility of at least 0.8° at gradients of 40 sec or higher. The repro- 
ducibility on different preparations was also very good provided plants of approximately 
the same age were used. Sap from plants older than a month from the date of inoculation 
was deeper in color, and therefore no reliable data could be obtained. There was, however, 
some indication of the presence of more aggregated material than in younger plants. 


Partial Purification and Fractionation 
Fresh sap from tobacco plants infected with potato X virus was made 0.05 Mf in 
phosphate buffer pH 5.7, and centrifuged at 4000 r.p.m. for 40 minutes. Twenty-five 


*The author is greatly indebted to Dr. N.S. Wright of the Plant Pathology Section of this laboratory for the 


supply of virus material 
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grams of celite (Johns—Manville, Analytical Filter Aid) was mixed with 250 ml of 
supernatant sap and poured into a 45-mm diameter glass column with a fritted glass 
plate bottom. Mild suction was applied. The first 40 ml of sap that came through were 
recycled. No flow birefringence could be detected in the sap that passed through the 
column subsequently. The column was washed thoroughly with 0.05 1 phosphate 
buffer pH 5.7. Distilled water was then used to elute the virus. Most of the virus came 
off the column in the first 20 ml of the eluent. About 70°% of the virus was recovered. 
The solution was faintly vellow indicating the presence of impurities. In the Spinco 
ultracentrifuge a peak corresponding to the virus and a small shoulder near the meniscus 
were observed. This shoulder failed to separate after 45 minutes at 50,000 r.p.m. Electro- 
phoretic patterns in 0.05 Vf phosphate buffer pH 7.0, taken with a model H Spinco 
Electrophoresis-Diffusion Apparatus, showed two components. In addition to a sharp, 


slow-moving peak corresponding to the virus, a faster-moving diffuse peak was present 
(Fig. 2). 








Ring pee j rig is ey pp 
te 2 eee . 


Fic. 2. Electrophoretic pattern of potato X virus after partial purification on celite column. Descending 
boundary, movement from right to left. 


Subsequent purifications on a celite column were made by diluting the aqueous virus 
solution with 0.05 Wf phosphate buffer pH 5.7 to approximately the same virus con- 
centration as in the sap, and repeating the procedure described above. The impurities 
present after the first purification could not be removed by additional treatment; also, 
the virus yields were much lower in the subsequent treatments than in the first one. 

For flow birefringence measuremen‘s all solutions of the celite-treated virus were 
dialyzed against distilled water and centrifuged at 4000 r.p.m. for 40 minutes. 


RESULTS AND DISCUSSION 


») 


Figure 3 represents a plot of the extinction angle x as a function of gradient G for 
three different sap concentrations. Within experimental error the extinction angle is 
independent of concentration, indicating that the interactions of the virus particles 
with each other and with other sap constituents are negligible. Under these conditions 
the extinction angle is soiely a function of particle length and velocity gradient. The 
solid lines in Fig. 3 are theoretical curves for a Flory distribution function with 6; = 70 
giving the best fit of the experimental points. The value 6; = 70 corresponds to a length 
of 6200 A for the monomer. The amount of aggregated material present in this sample 
can be estimated from Fig. 3 as 13 to 15%. 
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Fic. 3. Extinction angle — gradient curves of sap from potato X infected tobacco: X, four times con- 
centrated sap; @, one to one dilution of concentrated sap; O, one to three dilution of concentrated sap. 
Solid lines are theoretical curves from Fig. 1 assuming rotary diffusion constant 70. 


In Fig. 4 the extinction angle as a function of gradient is plotted for partially purified 
potato X. Each treatment with celite caused a shift in these curves towards higher 
extinction angles, accompanied by a decrease in polydispersity features. After the fifth 
and subsequent absorptions on celite the shift became very minor. 

The indication that the virus preparation was becoming less polydisperse excluded 
the possibility of a random breakage of virus particles. Also, the ultracentrifuge patterns 
remained unchanged, excluding the possibility of a splitting at specific sites. The most 
plausible explanation of the shift in the birefringence curves seems to be a preferential 
absorption of the aggregated materials by the celite column. The rotary diffusion con- 
stant of the five times celite-treated material at low gradients (100-200 sec) is 60 
to 70. Comparing this with the value of 70 derived above for the non-aggregated virus 
particles, it would seem that this preparation is virtually free of aggregated material. 
The slight polydispersity could therefore be attributed to shorter fragments present in 
the sap. Electron microscopy revealed the presence of short fragments in potato X 
preparations (4, 7, 8). The rotary diffusion constant of the five times celite-treated 
sample at 800 sec is 105. This corresponds to a particle length of 5400 A for a prolate 
ellipsoid of revolution. Because of the possibility of a contribution by shorter fragments, 
the latter value should be considered as the lower limit. Thus the characteristic hydro- 
dynamic length of potato X virus in tobacco would be within the limits of 5400 to 
6200 A. 


Curved and kinked potato X virus particles observed under the electron microscope 


suggested to some authors that a more flexible particle was involved than in the case 
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Fic. 4. Extinction angle — gradient curves of partially purified potato X virus on celite columns: +, virus 
in sap; X, once; @, three times; O, four times; and @, five times purified virus. 


of the rigid tobacco mosaic virus (21). The difficulty encountered in an interpretation 
of flow birefringence data in the case of flexible particles (22) merits a closer examination 
of this problem. Valuable information regarding flexibility can be obtained from bire- 
fringence vs. gradient curves. In the case of rigid particles these curves have a downward 
curvature, the birefringence reaching a saturation value at high gradients (12). Figure 5 
shows birefringence curves of potato X virus in sap, corresponding to the extinction 
angles in Fig. 3. The birefringence is expressed in degrees (twice the angular rotation 
of the Senarmont compensator), divided by relative concentrations, the most dilute 
sample being taken as having a concentration of one. The downward curvature is indi- 
cative of a rigid particle. Further evidence in support of inflexibility was obtained from 
extinction angle measurements of sap, dialyzed against distilled water and phosphate 
buffer pH 7.2, of varying ionic strength. The extinction angle — gradient curves remained 
unchanged in a range of phosphate concentrations of 0.1-0 M, indicating that no measur- 
able stretching of the particles occurred with decreasing ionic strength. 

The data on this paper confirm the conclusion from electron microscopy that a definite 
particle length is characteristic of the potato X virus in tobacco sap. In an earlier publi- 
cation by Bode and co-workers (7) this characteristic length was given as 5600 to 5800 A 
and 6000 to 6200 A for two different strains of potato X respectively. In a later publi- 
cation the first value was corrected to 5000 to 5250 A, owing to previous errors in 
instrument calibration. A somewhat higher value from flow birefringence studies could 
be expected because of hydration and the error involved by substituting the cylindrical 
model with an ellipsoid of revolution (23), although a difference in the virus strains 
could also be a contributing factor (4, 7). 
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Fic. 5. Birefringence — gradient curves of potato X virus in sap. Points correspond to those given in 
Fig. 3. 


It is difficult to make a comparison of the percentage of aggregated material reported 
here with that given in the literature. The wide fluctuation, from 23 particles in 651 
(3.5%) (7) to 18% (8), is indicative either of great variability with growth conditions 
and virus strains or artefact formation during the drying processes. On the other hand, 
the flow birefringence value is open to criticism because of the inherent assumption 
of a random end-to-end aggregation. This is almost certainly an oversimplification of 
the mechanism involved. Furthermore the Flory distribution function does not account 
for fragments smaller than the monomeric unit which are present in all electron micro- 
scope mounts and for which there was evidence in the celite-fractionated material. A 





REICHMANN: POTATO X VIRUS, I 1611 


close examination of the x vs. G curves for other distribution functions will show that 
the curves are not very sensitive to the form of the distribution. Therefore the total 
amount of aggregated material determined in this way is probably a good estimate as 
long as the Flory distribution function is an approximate representation of the distri- 
bution. 
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OCCURRENCE OF 3-DOLABRIN (4-ISOPROPENYLTROPOLONE) 
IN WESTERN RED CEDAR (THUJA PLICATA DONN.)! 


J. A. F. GARDNER AND G. M. BARTON 


ABSTRACT 
Che steam-volatile oil of western red cedar contains traces of a fifth tropolone, 8-dolabrin 
1-isopropenyltropolone), in addition to a@-, 8-, and y-thujaplicin and 7- hydroxy-4-isopropyl- 
tropolone. The presence of 8-dolabrin, previously obtained from Japanese “‘Hiba"’ wood by 
Nozoe, was detected by paper chromatography and proved by isolation of a sample from the 
steam-volatile oil by a combination of sodium salt precipitation, fractional crystallization, and 


preparative paper chromatography. The approximate composition of the steam-volatile oil 
from butt heartwood is given. 


INTRODUCTION 

The heartwood of western red cedar (Thuja plicata Donn.) has been shown to contain 
up to 1.2% by weight of the three isomeric isopropyltropolones, a-, 8-, and y-thujaplicin 
(1, 2, 3, 4). Recently, the presence also of a hydroxylated thujaplicin, 7-hydroxy-4- 
isopropyltropolone (2,7-dihydroxy-4-isopropyl-2,4,6-cycloheptatrien-l-one), was reported 
(5). This substance, for which the name 8-thujaplicinol is now proposed, exhibits the same 
R, and violet color reaction on paper chromatograms with ferric chloride as the ‘‘unknown 
enol” detected by Zavarin and Anderson (4) in the tropolone fractions of incense cedar 
(Libocedrus decurrens Torrey) and western red cedar. The occurrence in trace quantities 
in western red cedar of still another tropolone derivative, 8-dolabrin (4-isopropenyl- 
tropolone), first detected by Nozoe et a/. (6) in ‘“‘Hiba”’ wood (Thujopsis dolabrata Sieb. 
et Zucc.), has now been proved. 

During examination of the steam-volatile oil of western red cedar in this laboratory by 
the paper chromatographic technique of Zavarin and Anderson (4), the spot corresponding 
to 8-thujaplicinol was observed to be usually elliptical, and sometimes, depending on 
temperature conditions, two barely separated spots were obtained. One of these gave the 
violet reaction with ferric chloride typical of 8-thujaplicinol and the other of slightly 
greater R, had a green-brown reaction similar to that of the thujaplicins. The R,’s and 
color reactions of this latter substance and its azo dve prepared by the method of Zavarin 
and Anderson (7) indicated it might be 8-dolabrin. 

In view of the importance of establishing the identity of trace components of wood 
extractives from the taxonomic viewpoint, proof of the presence of 8-dolabrin in western 
red cedar was provided by isolating a sample. Because only trace quantities were in- 
volved according to the paper chromatograms, this presented considerable difficulty but 
was achieved by applying a combination of sodium salt precipitation and fractional 
crystallization to the tropolone fraction of the steam-volatile oil. This procedure provided, 
in addition to samples and approximate yields of the other components, residual solutions 
enriched in a-thujaplicin and 8-dolabrin. From these, a sample of 8-dolabrin was isolated 
by preparative paper chromatography. The material isolated had m.p. 55-56° C and 
showed no mixed melting point depression with an authentic sample, m.p. 56-57° C. 
The R,'s and ultraviolet absorption spectra of the two samples were identical. The 
infrared absorption spectra were also identical and showed strong bands at 1608, 1557, 

1 Manuscript received August 1, 1958. 

Contribution from the Vancouver Laboratory, Forest Products Laboratories of Canada, a Division of the 
Forestry Branch, Department of Northern Affairs and National Resources. Presented at the 133rd National 
Meeting, American Chemical Society, San Francisco, U.S.A., April 14-18, 1958. 
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1470, and 1435 cm, characteristic of the tropolone nucleus, and also two at 892 and 
1407 cm~, typical of asymmetrically disubstituted ethylenes (8). 

The above result shows that western red cedar as well as ‘“Hiba’’ wood contains 
8-dolabrin. Since *‘Hiba’’ wood also contains a- and 8-thujaplicin (9), there are at least 
three tropolones common to these species of the different genera Thuja and Thujopsis 
of the family Cupressaceae. 

Previous analytical work (3) had shown that light-colored wood from the outer butt 
of mature trees had the highest content of tropolones. The composition of oil steam- 
distilled from freshly cut shavings of butt heartwood selected for its light straw color, 
estimated from vields and paper chromatographic analysis of fractions obtained, is 
recorded in Table I. It is, of course, to be expected that the vield and composition of the 
oil will vary considerably with the source of the wood (3). For optimum yields, it is 
necessary to distill the wood immediately after conversion to shavings because of the 
high volatility of the oil. 


TABLE | 


COMPOSITION OF STEAM-VOLATILE OIL OF WESTERN RED CEDAR BUTT 
HEARTWOOD (0.82% YIELD) 











Percentage Percentage 
Components of oil of wood 
Methyl thujate, other neutrals an. 0.17 
Thujic acid 10.4 0.08 
lropolones 68.5 0.56 
8-Thujaplicinol* 8 0.07 
y-Thujaplicin* 24 0.20 
8-Thujaplicin* 35 0.30 
a-Thujaplicin* l 0.01 
8-Dolabrin* 0.04 0.0003 











*Figures for the individual tropolones are approximate, being derived from 
crude yields and quantitative paper chromatography of mother liquors. 


EXPERIMENTAL 
Melting points were determined on a Fisher—Johns melting point apparatus and are 
uncorrected. Infrared absorption spectra were determined on a Beckman Model IR-4 
Infrared Spectrophotometer at the Fisheries Experimental Station, Vancouver, B.C. 
Ultraviolet absorption spectra were determined with a Beckman D.U. Spectrophotometer. 


Steam Distillation of Light-colored Western Red Cedar Shavings 

Butt-wood spalts selected for light straw color were reduced to shavings in a planer 
and steam-distilled immediately. Approximately 6 liters of aqueous distillate were 
collected per kilogram of shavings. The distillate was extracted five times with a sixth 
of its volume of chloroform and the extract concentrated under reduced pressure to 
leave a vellow oil. From 11.987 kg of shavings (moisture content 20.0°%) 79 g or 0.82% 
based on the moisture-free wood were obtained. 


Preparation of Tropolone Mixture 

Steam-distilled oil (103 g) in chloroform (300 ml) was extracted with 1 N sodium 
hydroxide solution (6X50 ml) and back-extracted with chloroform. The chloroform 
solution was dried over anhydrous sodium sulphate and the solvent removed under 
reduced pressure to leave crude methyl thujate (21.8 g). 

The alkaline solution was acidified and extracted with chloroform (3100 ml). The 
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chloroform solution was than extracted with saturated aqueous sodium bicarbonate 
solution (5X50 ml). Acidification of the bicarbonate solution precipitated crude thujic 
acid (10.7 g). The chloroform solution, after extraction with bicarbonate, was washed with 
water and dried over anhydrous sodium sulphate, filtered, and the solvent removed. 
The residual oil was distilled under reduced pressure to vield the semicrystalline tropolones 
(66.0 g). 


Fractionation of Tropolone Mixture 

The tropolone mixture was dissolved in hot 3 N sodium hydroxide (350 ml) and the 
solution cooled. The deposited yellow sodium salts were filtered using a rubber dam to 
remove excess filtrate. 

The caustic filtrate was acidified with 6 N sulphuric acid, extracted with chloroform, 
and the solvent removed to yield crude 8-thujaplicinol. 

The sodium salts were acidified with 6 N sulphuric acid in the presence of chloroform. 
Removal of the solvent from the chloroform layer left the mixed thujaplicins. The 
thujaplicin mixture (5.2 g approx. 40° y-, 60% 8-thujaplicin with traces of a-thujaplicin 
and 6-dolabrin), and anhydrous sodium acetate (2.5 g) were refluxed in sodium-acetate- 
saturated ethanol (50 ml) for 1 hour. The solution was cooled to room temperature and 
the precipitated yellow sodium salt and excess sodium acetate removed by filtration. The 
precipitated salts were enriched with respect to y-thujaplicin (approx. 75°% y-, 15% 8-), 
while the filtrate was enriched with 8-thujaplicin (approx. 70°% 8-, 30°% y-, traces of 
a-thujaplicin and 8-dolabrin). Regeneration of the thujaplicins from the salts, and the 
filtrate and recrystallization from ligroin—-chloroform and ligroin gave respectively y- 
and 8-thujaplicin. The mother liquors were combined to vield a solution, enriched with 
a-thujaplicin and 8-dolabrin, on which the sodium acetate — sodium salt precipitation 
was repeated. This in turn vielded more y- and 8-thujaplicin and mother liquors which 
were combined for isolation of 8-dolabrin. 


Isolation of 8-Dolabrin by Preparative Paper Chromatography 

The qualitative technique of Zavarin and Anderson (4) was adapted. Sheets of What- 
man No. | paper (6 in. X 225 in.) were impregnated with 17°¢ by volume of phosphoric 
acid, spotted with 0.2 ml of a chloroform solution (0.08 g/ml) of the residue from removal 
of solvent from the mother liquors above, and developed with iso-octane-toluene (3:1). 
The 8-dolabrin zones were located by ultraviolet light, excised, and Soxhlet-extracted 
with petroleum ether (30—60° C) under a carbon dioxide atmosphere. Solvent removal 
left crystals (0.019 g from 45 sheets) which were triturated with a minimum of petroleum 
ether (30—60° C), filtered, and dissolved in petroleum ether (30—60° C). Slow evaporation 
of the solution vielded yellow crystals, m.p. 56-57° C, mixed melting point with authentic 
dolabrin 56-57° C. The ultraviolet and infrared absorption spectra of the isolated 
material and authentic 8-dolabrin were identical. 1%" in cm7!: 3240, 1628, 1608, 1557, 
1494, 1470, 1435, 1406, 1313, 1274, 1257, 1230, 958, 911, 892, 823. 
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LIGHT-SCATTERING STUDIES OF COPOLYMERS 
1. EFFECT OF HETEROGENEITY OF CHAIN COMPOSITION ON THE 
MOLECULAR WEIGHT! 


W. Busuuk? anp H. BENOIT 


\BSTRACT 


The classical light-scattering theory for polymer solutions is extended to solutions of 
copolymers which may be polydisperse in chain composition as well as in molecular weight 
It is shown that much too high molecular weights will result from light-scattering data for 
copolymers owing to fluctuations in chain composition; the magnitude of this effect increases 
rapidly as the absolute value of the refractive index increment approaches zero. The methods 
for determining the usual weight-average molecular weight and polydispersity of composition 
are described 

The theory was tested with experimental results on: (1) a mixture of polystyrene and 
poly (methylmethacrylate), considered as a copolymer with the highest possible polydispersity 
of composition; (2) a high conversion, statistical copolymer of styrene and methylmethacry- 
late (copolymer I); and (3) a block copolymer of the same monomers (copolymer II). The 


apparent molecular weight for copolymer [ (./w~ = 1.83105) varied markedly with re- 
fractive index increment in much the same wavy as the total molecular weight for the mixture 
The molecular weight of copolymer II (17, = 1.20X 10%) remained essentialiv constant in the 





same series of solvents. The pelydispersities of composition obtained were 0.72 and 0.05 for 
copolymer [ and IT respectively compared with the maximum possible value equal to 1.0 


INTRODUCTION 


Since the demonstration by Debye (1) that the amount of light scattered by solutions 
of high polymers is related to the mass of the solute molecules, light scattering has 
rapidly become one of the standard methods for the determination of molecular weights 
of macromolecules. The application of this technique to copolymers has not been equally 
successful. On one occasion (2) the molecular weight obtained for a sample of GR-S 
(butadiene-styrene copolymer) was found to vary with refractive index of the solvent 
and it was suggested that this might be due to heterogeneities in the composition of the 
particular sample. Similar anomalous molecular weights were obtained in this laboratory 
for other types of copolymers (3). Accordingly, it seemed desirable to study the problem 
of light scattering by copolymers and the use of this technique for the determination of 
molecular parameters both trom theoretical and experimental viewpoints. 

The theoretical treatment for the molecular weights of copolymers given in this paper 
is similar to that indicated by Stockmaver eft a/. (4) except that the final equations are 
arranged in somewhat more useful form. A preliminary report of the present study has 
already been published (5). 

To test the theory, experimental data are presented for solutions of mixtures of 
polystyrene (PS) and poly(methylmethacrylate) (PMM) and two types of styrene- 
methylmethacrylate copolymers. These polymers were selected primarily because of the 
large difference between the refractive indices of the two homopolymers, polystyrene 
and poly(methylmethacrylate). 


THEORETICAL 

Introduction 

In a homopolymer all the scattering elements scatter in the same manner; in a 
copolymer there may be two or more types of scattering elements depending on the num- 
ber of monomer types that make up the copolymer. The treatment given here considers 
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only the binary copolymers, although it could be readily extended to include copolymers 
comprising more than two monomer types. The equations derived are completely general 
in that they are applicable to statistical, block, or graft copolymers, which may be 
polydisperse in mass as well as in composition. 


Specific Refractive Index Increment 

It is assumed that the refractivity of a copolymer is a simple sum of the refractivities 
of the two component homopolymers. As pointed out by Stockmayer ef a/. (4) this should 
be particularly true for block copolymers and probably does not introduce a very large 
error when applied to statistical copolymers. Accordingly, if c, is the concentration of 
type A (polymer or monomer) and Cg is the concentration of type B, the refractive 
index of a solution of this copolymer (or mixture of homopolymers) will take on the 
value: 


(1] n = mot (dn dc)acyt+(dn/dc) pcp, 


where mp is the index of the pure solvent and the dn/dc are the specific refractive index 
increments for the components indicated. In this paper the two components A and B 
will be taken as polystyrene and poly(methylmethacrylate) respectively. 

If the total concentration is c = c,+cpg, then the increment for the solution will be 


[2] dn/dc = (n—m) ¢ = [(dn/dc) 4c, +(dn/dc) pcp)/ (Ca +Cp).- 


As has been verified on numerous occasions, equation [2] incorporates the fact that the 
specific refractive index increment of a solution of polymer depends only on the weight 
concentration and not on the molecular weight. 

To simplify the notation set (dn/dc), = v4; (dn/dc)g = vg; and dn/dc = v; and 
x = C,/(Cat+cp) the weight fraction of component A. With this notation 


[3] vy = xvgt(1—x)pp. 


Accordingly the specific refractive index for a solution of copolymer in any solvent 
can be calculated if the composition of the copolymer and the increments for the cor- 
responding homopolymers for the same solvent are known accurately. 


Theory for Particles Small Compared with the Wavelength of Light 
General 
According to classical theory on light scattering, the excess scattering due to the 
solute particles of mass .V, concentration c, and having v for the specific refractive index 
increment (expressed in terms of the usual Rayleigh ratio R, extrapolated to zero con- 
centration) can be put in the form 


[4] R = K'rcM, 


where K’ = (22°07) /(A4N), in which no is the refractive index of solvent, \ is the wave- 
length of the incident light in vacuum, and N is Avogadro’s number. If the particles are 
polydisperse in molecular weight, ./ then becomes the weight-average molecular weight. 

Now consider a solution of a copolymer which may show polydispersity of chain 
composition in addition to polydispersity of molecular weight. Assuming additivity of 
scattered intensities from the different scattering elements, equation [4] can be put in the 
form 


(5] R = K'Dv?e.M, 


where c; is the concentration of molecules of mass iW; and composition x;. The refractive 
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index increment for this composition »; is defined by equation [3]. To separate the effects 
of heterogeneity of composition and molecular weight it would probably be clearer to 
use a double sum in equation [5]; that is, to characterize the species of molecular weight 
M, by its compositions x,;. However the writing can be simplified by using a single 
summation without affecting the rigorousness of the mathematical treatment. It is 
necessary only to keep in mind that it is possible to have different values of 7 for the same 
molecular weight. 


The intensity of the scattered light that is actually measured is given by 
[6] R = K'v?cM,y, 


where vp is the average refractive index increment that is obtained by the usual methods 
of measurement and .V/,, is the molecular weight that is obtained from the data by the 
standard method of extrapolation to zero concentration. 

Equating the intensities given by equations [5] and [6] the molecular weight takes on 
the value 


(7] May = Sov fey.M,/voerc = (1/0?) Dovey Mi, 


where y,; is defined as the relative concentration of molecules of composition x;. 

Equation [7] defines the molecular weight that is obtained experimentally for a polymer 
for which the component molecular species may exhibit different specific refractive index 
increments in a single solvent. This molecular weight will be referred to henceforth as 
the apparent molecular weight. 

The significance of equation [7] can be best demonstrated by expanding the sum for 
specific cases to which it can be applied. The most important of these from the viewpoint 
of the present investigation is the copolymer of heterogeneous chain composition. This 
will be discussed first. The general equations obtained will then be applied to two special 
cases, the copolymer of homogeneous chain composition and a binary mixture of homo- 
polymers. 


Copolymer of Heterogeneous Composition 

If »; # vo, which is the case when the composition of different molecules is different, 
equation [7] can be expanded to a more practical form by substituting for »; its value 
given by equation [38]. The new equation for the apparent molecular weight becomes 


[8] Map = (vars vo?) vi Mit [va(va— vp) vo) iM x?+([ya(vp—va) vo" DyiM,(1—~x,)?. 


Equation [8] can be simplified further by introducing the equalities: }}y,M; = M,; 
Dye = xoMag; and DiyiM(1—x,)? = (l—xo) Mg. My is the weight-average mole- 
cular weight of the copolymer, 1/4, and Mg, are defined as the weight-average molecular 
weights of the parts of the copolymer formed of monomer A and B respectively, and xo 
is the over-all average weight fraction of component A. 


[9] My _ (Varp vo?) Mat [va (va — vp) ‘vo"] xoM,+(va(vs— vp) ‘vo?} (1 —Xo) My. 


Equations [8] and [9] show that if the copolymer is of heterogeneous chain composition, 
the molecular weight of the particular sample, obtained from light-scattering data, will 
depend on the refractive index of the solvent and, as will be seen later, this dependence 
is related to the degree of heterogeneity. It is therefore quite possible to obtain an in- 
finitely high apparent molecular weight as the scattering may not necessarily be zero, 
when the average refractive index increment is zero, owing to heterogeneity of the sample. 

From measurements in three solvents it should be possible, in principle, to solve for the 
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three parameters 4, Mp,, and M, from which the composition of the copolymer can be 
verified. From the same three sets of measurements it is also possible to obtain infor- 
mation on the degree of heterogeneity of composition. 

The quantitative determination of the degree of polydispersity of chain composition 
becomes more feasible if equation [7] is expanded by a slightly different notation from that 
used to obtain equations [8] and [9]. In this case set 


[10] bx, = Xy—X 


where 6x, is the deviation in composition of molecules of type 7 from the average com- 
position, xo. According to this notation, equation [3] for the refractive index increment 
takes on the form 


(11) Vi = votbxi (vg — VB) 
and the equation for the apparent molecular weight becomes 
[12] Map = Myt2(va—vp)/ (v0) SoyiM bx i+ (v4 — vp)? / (ve?) Hi M bx ?2. 


It can be shown that equation [12] is equivalent to equation [9] by substituting in the 
former the following equalities, 


[13] 2>0yiM bx, = (1 — Xo) (M, _ Ms) —xo(M, — M,) 
Lyi bx? = xo(1—x0)(Mat+Mp—M,). 


These relations are derived by substituting the value for 6x; given by equation [10] and 
expanding the sums indicated. 
By introducing two new parameters P and Q, equation [12] becomes 


[14] Map = My+2P([(v,—vp)/vo] +Q[(va — vp) vol’, 


in which P and Q are equal to }°y;M 6x, and }\y;M,éx? respectively. To plot equation 
[14] it is convenient to divide both sides of the equation by M,. 

According to equation [14], if 4/,, is plotted against (v4 —vg)/vo, which varies with the 
refractive index of the solvent, the points should describe a parabola from which the 
values of the parameters M,, P, and Q can be estimated. The value of M, should agree 
with the value obtained from equation [9]. The other two parameters are related to the 
heterogeneity in composition of the sample by the definitions given above and should 
be constant for a particular copolymer. In general, the values of P and Q will vary 
between the following limits: 


—x)M, < i < (1—xo) My, 
0 < Q < M,[{I1 —xo(1—xo)]. 


If the copolymer is monodisperse in mass or if the distribution of chain composition 
is independent of molecular weight, equation [14] simplifies further since under such 
conditions P = 0 and Q can only take on values between 0 and xo(1—xo)M,. The 
maximum value of Q can only be realized with a mixture of two homopolymers. 

The parameter Q/M,, for a specific copolymer may be defined as a quantitative measure 
of the polydispersity of chain composition. Accordingly the ratio of the value of Q/M,, 
determined either graphically or by a direct calculation, to the maximum possible value, 
xo(1—x0o), seems to be a convenient index of the polydispersity in chain composition 
which can be used as an additional parameter for characterizing copolymers. 
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Copolymer of Homogeneous Composition 
If the copolymer molecules are of uniform composition then »; = vo for all values of 1, 
6x, = 0 and equation [12] gives 


[15] Mw» = M,, 


where MW, is the usual weight-average molecular weight. That is, for a copolymer ot 
homogeneous chain composition, the molecular weight obtained from light-scattering 
data will be independent of the refractive index of the solvent. 

Yor this special case, equations [13] give Wy = xoM,gp and Mg = (1—xo).Wap. These 
relations can then be used to determine the weight-average molecular weights of the 
two components of the copolymer 


Solution Containing Two Homopolymers 
For a system comprising two homopolymers A and B, of molecular weights 74 and 
M, and relative concentrations y, and yg, equations [7], [9], or [14] give 


[16] M ww (vaya Matvp*ypVMp)/ v0. 


Equation [16] shows that for a mixture of homopolymers the apparent molecular 
weight will depend on the refractive index of the solvent and in general will not be equal 
to the usual weight-average molecular weight. In a solvent with refractive index inter- 
mediate between those of the two polymers, concentrations can be selected so that the 
average refractive index increment will be zero. However the solution will still show 
positive scattering. The apparent molecular weight will then become infinite. For a solvent 
having the same refractive index as either component, equation [16] will give the weight- 
average molecular weight of the other component. 

It is of interest to examine what happens to the parameters P and Q in this special 
case. The summations in the definitions of these parameters given above can be readily 
expanded to give 


{17] r’ = Xy(1 —Xo) UW, — Ma) 
Q = Xol 1 —x ){(1 —Xo) Myt+xoMgl. 


Equations [17] show that when the polymers are of the same mass, P will be zero as in 
the case of monodisperse (in mass) copolymers. If 14, # Mz, but are of the same order of 
magnitude, P will still be small compared with Q. This will not be true always and P can 
actually have values greater than those of Q when /, and Mg, are very different, that is, 
when the sample has a very broad distribution of molecular weight as well as of com- 
position. 


Theory for Particles of Size Comparable to the Wavelength of Light 

If the dimensions of the solute molecules are greater than approximately 1 20 XA, the 
same type of destructive interference in the scattered light will result in the case of 
copolymers as with homopolymers. It is therefore necessary to make a correction for this 
interference in the usual manner by extrapolating to zero angle according to the method 
of Zimm (6). The value of the molecular weight so obtained will be the apparent 
molecular weight of the copolymer for the particular solvent used. 


MATERIALS AND METHODS 
Solvents 


Solvents used for the light-scattering and the viscosity measurements were purified 
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by several distillations. The 1-bromonaphthalene remained slightly yellow even after two 
distillations; however, it did not absorb any light at the wavelength used for the light- 
scattering measurements. The solvents and other pertinent data are listed in Table I. 


rABLE I 


List OF SOLVENTS AND OTHER PERTINENT DATA 


va (PS) vp (PMM 











Solvent n(20°; 5460 A ce g~") cc g*) 

Butanone 1. 3856 0.220 0.111 

Dioxane (p 1.4280 0.168 0.068 
Carbon tetrachloride 1.4677 0.146 0.023 

Benzene 1.5056 0.106 —0.010 
Chlorobenzene 1.5293 0.079 —(0.026 

Bromobenzene 1.5641 0.042 —0.058 
1-Bromonaphthalene 1.6628 —(0.051* —0.147* 
*Measured on the Zeiss Interferometer 

Polymers 


The polystyrene used was a fraction of medium molecular weight obtained from a 
polydisperse polymer prepared at ordinary temperatures in the presence of an inhibitor. 
It was fractionated from benzene solution by precipitation by methanol. The polymer was 
dried in vacuum at 60° C. Its molecular weight and intrinsic viscosities in a nui. ber of 
solvents are listed in Table II which will be given in conjunction with a subsequent 
section. 

The poly(methylmethacrylate) was of commercial origin (Plexiglass). It was purified 
by a single precipitation from a 2% solution in butanone by methanol followed by drying 
in vacuum at 60° C. Its molecular weight and intrinsic viscosities in a number of solvents 
are given in Table II. 


TABLE II 
SUMMARY OF RESULTS ON MIXTURES 
5% PS of My = 8.10K105; 35% PMM of My = 6.88X105; My of mixture = 7.67 X10° 























v0 a le 
Solvent (cc g™) M10 Map/ Me PS PMM 
Butanone 0.180 7.67 1.00 82 64 
Dioxane (p) 0.133 7.69 1.00 - — 
Benzene 0.065 9.46 1.23 168 97 
Chlorobenzene 0.044 34.7 4.52 — 
Bromobenzene 0.007* 292 28.3 124 89 
1-Bromonaphthalene —0O.O88f 21.4 2.80 126 92 
*Calculated: vo = 0.65(0.042) +0.35( — 0.058). 


+Measured on the Zeiss Interferometer. 


Copolymer I was a statistical copolymer of styrene and methylmethacrylate prepared 
by using benzoyl peroxide as initiator. The copolymerization was allowed to proceed to 
about 95% conversion. It was then redissolved in benzene, precipitated by the addition 
of methanol, and dried in the usual manner. The composition of this copolymer was 68% 
PS and 32° PMM, as determined from the specific refractive index increments in five 
solvents. Combustion analysis gave its composition as 70% PS and 30% PMM. 

Copolymer II was a block copolymer of styrene and methylmethacrylate. It was 
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prepared by the method of Szwarc (7) in which the polystyrene was the living radical. Its 
composition from combustion analysis (and refractive index increments) was 70° PS 
and 30° PMM. It was used without further purification. 


Methods 

Solutions were prepared by weighing a predetermined quantity of polymer directly 
into a volumetric flask and making up to volume with dust-free solvent. Prior to the 
light-scattering measurements, portions of this solution of concentration c were diluted 
to 3c, 3c, and 3c. Two samples of pure solvent (one to rinse the pipette used to transfer 
the dust-free solvent and the solutions) and the four solutions were centrifuged at 
25,000g, for 1 hour to remove dust. With some of the higher density solvents it was neces- 
sary to filter the solutions through a fritted-glass filter prior to centrifugation. 

Light-scattering measurements were made on a photometer described by Wippler and 
Scheibling (8) using the green mercury line (5460 A) and pure benzene as the calibration 
standard. All experiments were made at 254+1° C. After the usual refractive index and 
volume corrections, the data were treated according to the extrapolation method of Zimm 
(6) using measurements ranging from 30 to 150° to the incident at the four concentrations 
shown above. Except where indicated otherwise, the refractive index increments were 
measured on a Pulfrich Refractometer with a divided cell using the green mercury line. 

Molecular weights were calculated using the value of Carr and Zimm (9) for the 
Rayleigh ratio of benzene (16.3X10-* for 5461 A at 25°C). It was assumed that the 
correction factor owing to depolarization was negligible. 

Viscosities were measured in a capillary viscometer described by Vallet (10). Vis- 
cometers with capillary diameters were selected so that the flow time for the pure solvent 
was at least 100 seconds. 


RESULTS AND DISCUSSION 

The most feasible way to test the theory developed above is to study the variation of 
the apparent molecular weight with refractive index of the solvent. The extent of this 
variation, in turn, depends on the degree of heterogeneity in chain composition of the 
copolymer. Accordingly, it should be possible in this manner to determine the effect 
of the variations in chain composition on the molecular weight determined by light 
scattering in any specific solvent. 

The first series of light-scattering experiments were made on solutions of two homo- 
polymers, comprising 65°% PS and 35° PMM of the total polymer concentration. Two 
features of these solutions make these experiments significant. First, they are most 
suitable for testing the theory, since their compositions and refractive index increments 
are known accurately, and second, they can be regarded as solutions of copolymer having 
the greatest possible heterogeneity of chain composition. 

Table II gives the results for the mixture in a series of solvents. The fourth column 
gives the ratio of the molecular weight obtained from the Zimm plot (/,)) and the 
weight-average molecular weight calculated from the composition and the weight- 
average molecular weights of the homopolymers listed at the top of Table II. The vis- 
cosities are given as an additional characterization of the polymers used. 

To illustrate the variation of the apparent molecular weight with refractive index of 
solvent, it is convenient to plot the ratio M,,/M, as a function of the index. Figure 1 
shows such a plot of the data of Table II. Experimental data are shown as circles; the 
solid line represents a corresponding plot for which M,, was calculated from equation 
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[16]. The agreement between theory and experiment is satisfactory considering the large 
experimental errors inherent in the measurements on solutions with very small refractive 
index increments. 

The results for the copolymer I (statistical copolymer) are summarized in Table III. 
In this case the ratio \/,,/M, was determined using the value of ./, (given later in Table 
V) calculated from equation [14] with the values of M,, listed in Table III. The three 
unknowns of equation [14], 1/,, P, and Q, were evaluated by solving three simultaneous 
equations. The value of ., calculated in this manner is strongly dependent on the values 
for the refractive index increments for the two component polymers in the series of 
solvents used. Determination of the latter quantities involves a fairly large experimental 
error particularly in the cases where the increment is very small. Accordingly, it would 
probably be just as correct, and less laborious, to use for M, the value of 1/,) obtained 
with the solvent having the highest index increment (butanone). 


TABLE III 
SUMMARY OF RESULTS ON COPOLYMER I 
Composition: Combustion analysis, 70% PS+30% PMM 
Index increments, 68% PS+32% PMM 














Solvent cc g*) May X10-5 Mayp/ Me 
Butanone 0.185 2.23 1.20 
Dioxane (p) 0.136 2.49 1.36 
Carbon tetrachloride 0.103 2.81 1.53 
Benzene 0.068 3.32 1.81 
Chlorobenzene 0.045 9.59 5.24 
Bromobenzene 0.010* 26.4 14.42 
*Calculated: vo = 0.68(0.042) +0.32(—0.058). 


Figure 2 gives the plots of /,)/./, as a function of the solvent refractive index. The 
circles represent data for copolymer I and the points those for copolymer II which will 
be discussed later. The lines represent points for which W,)/.y was calculated from 
equation [14] for the corresponding experimental conditions and the values of Q, V/, 
indicated. The second term of the right hand side of equation [14] was not included in 
the calculations for this plot, since it was found that when /,) was plotted against 
(v,—vp)/vo the slope at (v,—vg)/vo = 0, which is equal to 2P, was essentially zero. 

Figure 2 demonstrates clearly a marked variation in the apparent molecular weight of 
copolymer I with index of solvent. Even in the case of benzene, which is commonly used 
as solvent, the value of the apparent molecular weight is much higher than the true 
weight-average molecular weight. 

Another method of plotting the data of Fig. 2 is demonstrated in Fig. 3. Here /,)/ My 
is plotted as a function of (v,—vg)/». According to equation [14] the points in such a 
plot should fall on a parabola. One difficulty with using this plot is to find solvents that 
will give negative values of (v,—vg)/vo. 1-Bromonaphthalene is one such solvent for 
styrene—methylmethacrylate copolymers; unfortunately measurements on copolymer I 
in this solvent could not be made owing to shortage of the copolymer. From Fig. 3 it is 
possible to estimate the value of Q/./, that will best fit the experimental data. The value 
of this parameter for copolymer I is approximately 0.15. This result indicates an ex- 
ceptionally high heterogeneity of chain composition, since the highest possible value 
that Q/ My could have is 0.22. 
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Fic. 1. Apparent (total) molecular weight of mixture comprising 65% PS and 35% PMM (expressed 
as Map/ Mw) vs. refractive index of solvent. Circles, experimental data; lines, Wap calculated from equation 
[16]. 

Fic. 2. Apparent molecular weight (Map/Mw) vs. refractive index of solvent. Experimental data: 
circles, copolymer I; points, copolymer II. Lines represent values of M,p calculated from equation [14] 
with P = 0 and Q/M,y as indicated 








2-9 
a8 
‘o 
Fic. 3. Apparent molecular weight (Map) Mw) vs. wa—vp) vo. Experimental data: circles, copolymer I; 
points, copolymer II. Lines represent data calculated from equation [14] with P = 0 and Q’ My as in- 


dicated 


The high heterogeneity of composition found for copolymer | may seem somewhat 
contrary to the suggestion by Stockmaver (11) that the instantaneous distribution of 
chain composition of copolymers can be described by a very narrow Gaussian distribution 
curve. This is probably true in the case of low conversion copolymers (+); however, it 
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seems that high conversion copolymers may show considerable heterogeneity of chain 
composition. Indeed, the theory of copolymerization (12) does predict that high con- 
version copolymers will in general be of heterogeneous chain composition. It does not 
seem likely that copolymer I could be a mixture of copolymer and homopolymer of either 
type A or B. 

A further remark is necessary regarding the merits of the two methods of plotting the 
experimental data shown by Figs. 2 and 3. Figure 2 gives a very striking demonstration 
of the extent of variation in the apparent molecular weight with the refractive index of 
the solvent. The deviation of M,,/.\M/, from unity for the various solvents is related to the 
degree of heterogeneity of chain composition. To obtain a quantitative measure of this 
heterogeneity graphically, the plot of Fig. 3 is more useful than that of Fig. 2. 

Table IV summarizes the light-scattering results on copolymer II (block copolymer). 
For this copolymer, the value of ./,,/./, is equal to unity, within experimental error, for 
all the solvents used. Accordingly, it is concluded that copolymer II is of reasonably 
uniform chain composition. Whether this is generally true for copolymers prepared by 
the Szwarc method or whether the homogeneous composition can be attributed to the 
high degree of polymerization will have to be ascertained by further experiments. The 
results for copolymer II were plotted in Figs. 2 and 3 for the purpose of comparison. 


rABLE IV 
SUMMARY OF RESULTS ON COPOLYMER !1 
Composition: 70% PS+30% PMM 








Vo 





Solvent (cc g~!) Map X10 M,,/ Me 
Butanone 0.195 1.42 1.18 
Dioxane (p) 0.139 1.15 0.96 
Carbon tetrachloride 0.116 1.39 1.16 
Benzene 0.074 1.40 1.16 
Chlorobenzene 0.051 1.30 1.08 
Bromobenzene 0.015* 1.91 1.59 
1-Bromonaphthalene —0.096t 1.74 1.45 








*Calculated: ve = 0.70(0.042) +0.30( —0.058). 
t+ Measured on the Zeiss Interferometer. 


As indicated in the theoretical section, it should be possible to determine the weight- 
average molecular weights of the fractions comprising part A and B of the copolymer. 
The values obtained for the two copolymers used in this study are given in Table V. The 
values for M, and Mg listed were calculated from equation [9] taking the values for 
M.» from Fig. 2 for m equal to 1.49 where vg = 0 and 1.61 where vg = 0. 


TABLE V 
SUMMARY OF DERIVED DATA FOR COPOLYMERS I AND II 





_Q/Qnus 




















Copolymer Ms Mp Ms P/Mw Q/M.e 
I 1.74X105 0.82 105 1.83105 0.01 0.16 0.72 


II 0.84 108 0.36 X 108 1.20 108 0.00 0 01 0.05 





Table V also gives the values of Wy, P/M,, and Q/.M,. These were calculated from 
equation [14] using the values of /,, for all the solvents used and listed in Tables III 
and IV. 
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It may be seen that for copolymer II, which seems to be of reasonably homogeneous 
composition, the sum of the molecular weights of the components is equal to the molecular 
weight of the copolymer. This is not true for copolymer I in which case My is related to 
M, and Mx, by equation [16). 

As found by graphical interpolation, the value of P (actually P/M,) for copolymer I 
is considerably smaller than that of Q (Q My). Accordingly, omission of the term con- 
taining P when using equation [14] seems to be justified. The calculated value of 0’ M, 
is in satisfactory agreement with that obtained by the graphical method. 

The last column of Table V gives the ratio Q/Qmax Where Qmax is calculated from the 
relation xo(1—xo), which for both copolymers is approximately 0.22. This ratio may be 
taken as the quantitative measure of the heterogeneity of chain composition as compared 
with the maximum possible value equal to unity. Expressed in this manner, the hetero- 
geneity of composition values are 0.72 and 0.05 for copolymer I and II respectively. 

As an application of the findings presented in this paper, it should be possible to study 
the variation of chain composition of copolymers as a function of conversion during 
copolymerization by means of light scattering. Information of this type may be of con- 
siderable value in the interpretation of copolymerization kinetics. 
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SUR LA SYNTHESE DE FORMYLDIPHENYL ETHERS. POLYSUBSTITUES: 
R. Constantin? ET P. L’Ecuyer 


RESU ME 

Bon nombre de formyldiphényl éthers ont été synthétisés en faisant réagir certains phénols 
avec la 2-chloro-5-nitrobenzaldéhyde ou la 3-nitro-4-chlorobenzaldéhyde. Plusieurs l’ont été 
en condensant le tosylate de la 5-nitrovanilline ou de la 4-hydroxy-3-nitrobenzaldéhyde avec 
divers phénols. Ces derniers ne donnent pas d’éthers avec la 2-chloro-5-nitrobenzaldéhyde; 
mais, cependant, les phénolates alcalins réagissent avec cette aldéhyde en solution alcoolique 
diluée. Par une série de réactions, les 2,2’-diméthoxy-4,4’-diformyl-6-nitro-, 2,2’-diméthoxy- 
4,4’-diformyl-, 2,2’-diméthoxy- 4,4’-bis-(8-carboxyvinyl)- et 2,2’-diméthoxy-4,4’-bis-(8-car- 
boxyéthyl)-diphényl éthers ont été préparés. 


Le travail de Purves (1) sur la synthése de la papavérine et de la papavéraldine par 
la méthode de Pomeranz-—Fritsch nous a fait imaginer que le 2,3’,4’-triméthoxy-6- 
formyldiphényl éther (I) pourrait servir de matiére premiére a la préparation de la cularine. 
Le désir de préparer cette aldéhyde nous a conduits a l'étude des méthodes de synthése 
des formyldiphény] éthers polysubstitués. 


R 
." aN 
H,co” “ \cHo H,co” Y \r, 
oO oO 
/ ne HCO. A, 
H,co” Y VY 
OCH; R 
I II 
R =CHO, CH=CH:—CO:H ou CH:—CH:—CO.H 
R, = H ou NO, 


La préparation d’éthers diphényliques a partir d'un phénol et de chlorobenzénes 
convenablement activés a déja été décrite par Grundon et Perry (2). Nous avons obtenu 
plusieurs formyldiphény! éthers en faisant réagir la 2-chloro-5-nitrobenzaldéhyde ou la 
3-nitro-4-chlorobenzaldéhyde avec le phénol approprié en solution alcoolique diluée 
contenant 1 équivalent d’hydroxyde de sodium. Les rendements varient selon la nature 
et la position des groupes substituants (Tableau I). 

Hems et quelques collaborateurs (3) avaient auparavant constaté que le tosylate du 
2,4-dinitrophénol peut remplacer le 2,4-dinitrochlorobenzéne dans les réactions de 
celui-ci avec un phénol pour donner aussi naissance 4 des diphény! éthers. Nous avons 
de cette fagon préparé bon nombre de formyldiphényl éthers en condensant le tosylate 
de la 5-nitrovanilline ou de la 4-hydroxy-3-nitrobenzaldéhyde avec divers phénols dans 
la pyridine. 

1Manuscrit regu le 11 juillet, 1958. 

Contribution du Départment de Chimie, Faculté des Sciences, Université Laval, Québec, P.Q. Ce mémoire 


est tiré de la thése de doctorat de R. Constantin. on a 
2 Adresse actuelle: Département d’ Agriculture, Section des Sciences, Division de la Chimie, Ottawa, Canada. 
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rFABLEAU I 


INFLUENCE DE LA NATURE ET DE LA POSITION DES GROUPES SUBSTITL ANTS DANS LE PHENOLATE DE SODIUM 
SUR LE RENDEMENT DE SES REACTIONS (1 HEURI AVEC LES FORMYLNITROCHLOROBENZALDEHYDES EN 
SOLUTION AQUEUSI 


Rendement, % 


Phénolate 2-Nitro-4-formvichlorobenzéne 2-Formyl-4-nitrochlorobenzéne 

2-Méthoxy 50.5 48 
$-Néthoxy 52 53 
3-Formvl iS 59 
4-Formyl 25 30 
2-Méthoxy-5-formv! 56.5 65 
2-Méthoxy-4-formyl 15 5 
2-Nitro 0 

3-Nitro 44 

4-Nitro 0 


2-Méthoxy-3-nitro-5-formvl 22 


Que l’on fasse réagir avec un phénol le tosylate d’un phénol ou un chlorobenzéne con- 
venablement activé, nous avons vérifié que le rendement de la réaction dépend de la 
durée de celle-ci. I] augmente graduellement jusqu’a un maximum qui s‘obtient pour 
un temps de réaction allant de 60 4 90 minutes et décroit ensuite rapidement, lorsqu’on 
chauffe plus longtemps (Fig. 1) 
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Fic. 1. Rendement de la réaction de 1 mole de guaiacol avec 3 moles de lester tosvlique de la 5-nitro- 
vanilline (A) ou de la 3-nitro-4-chlorobenzaldéhyde (B) en fonction du temps. 


Quoique la réaction des formylchlorobenzénes ou des tosylates de phénols activés avec 
les phénols permette d’obtenir nombre de formyldiphényl éthers, il semble bien que la 
réaction de Hems ne va pas quand le groupement formyle est voisin du chlore ou du groupe 
oxytosvle, comme c'est le cas pour le 2-formyl-4-nitrochlorobenzéne, par example. II 
en est ainsi également pour la réaction d’Ullmann lorsque, en plus de la situation pré- 
cédente, l'autre position voisine du chlore est occupée par un groupement méthoxyle. 
Par ailleurs, la réaction du tosylate de la 5-nitrovanilline ou de la 5-nitro-o-vanilline ne 
donne qu'une transestérification avec les phénolates alcalins. Nous avons cependant 


Ca 


A 
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réussi la condensation de la 2-chloro-5-nitrobenzaldéhyde avec les phénolates de sodium 
en milieu alcoolique dilué; mais nous n’avons pas réussi a obtenir la 2-chloro-3-méthoxy- 
5-nitrobenzaldéhyde pour préparer I. 

Enfin, la condensation de la vanilline avec l’ester tosylique de la 5-nitrovanilline dans 
la pyridine a donné le 2,2’-diméthoxy-4,4’-diformyl-6-nitrophényl éther (II; R = CHO, 
R, = NO:). Nous avons réduit celui-ci par le chlorure stanneux en 2,2’-diméthoxy- 
4,4’-diformyl-6-aminodiphényl éther et éliminé la fonction amine dans ce dernier en 
diazotant en présence d’acide hypophosphoreux pour isoler le 2,2’-diméthoxy-4,4’- 
diformyldiphényl éther (11; R = CHO, R; = H). En condensant celui-ci avec l’acide 
malonique dans la pyridine nous avons synthétisé le 2,2’-diméthoxy-4,4’-bis-(8-carboxy- 
vinyl)-diphényl éther (Il; R = CH=CH—CO;H, R,; = H) dont la réduction par le 
nickel Raney a donné le 2,2’-diméthoxy-4,4’-bis-(8-carboxyéthyl)-diphényl éther (II; 
R = CH.—CH.—CO,H, R,; = H). 


PARTIE EXPERIMENTALE* 

Esters tosyliques de formylnitrophénols 

Tout en agitant mécaniquement et en maintenant la température au-dessous de 5°, 
on ajoute du chlorure de p-toluénesulfonyle (0.11 mole) 4 une suspension du formyl- 
nitrophénol (0.1 mole) dans la pyridine (70 ml). Le tout se dissout et on abandonne la 
solution 4 la température ambiante jusqu’a ce qu’un précipité commence a se former. 
On verse alors le mélange dans environ 300 ml d’eau froide. On essore l’ester et on le 
lave a l'eau. II cristallise dans le solvant approprié en lamelles blanches (Tableau II). 


TABLEAU II 
ESTERS TOSYLIQUES DE PHENOLS 

















N 
Px., Rdt, ==> —— 
Phénol ig % Solvant Formule % caleulé % trouvé 
5-Nitrovanilline (2) 144-145 78 Acide CisH;07NS 3.98 3.9 
_ acétique 
5-Nitro-o-vanilline 72 74 Ethanol Ci3sHi;30;NS 3.98 4.1 
2-Nitro-4-formylphénol 115 84 Ethanol CysHisNS 4.36 4.5 





| 
| 


Esters diphényliques dérivés de la 5-nitrovanilline 

On bout a reflux pendant 1 heure une solution de tosylate de la 5-nitrovanilline (0.01 
mole) et du:phénol approprié (0.03 mole) dans de la pyridine (10 ml). On abandonne le 
mélange réactionnel 4 la température ambiante et, une fois refroidi, on le verse dans 
environ 100 ml d’eau froide. On extrait la suspension a l’éther, on lave l’extrait éthéré 
successivement a l’acide chlorhydrique et a la soude dilués, et enfin a l'eau, puis on 
l’évapore a siccité. On cristallise l’éther dans le solvant approprié (Tableau III). 


Ethers diphényliques dérivés de la 3-nitro-4-hydroxybenzaldéhyde 

On peut préparer ces éthers comme précédemment a partir du tosylate de la 3-nitro-4- 
hydroxybenzaldéhyde (0.01 mole) et du phénol requis (0.03 mole) dans la pyridine (10 
ml) (fagon de procéder (a)), ou bien en chauffant a reflux pendant | heure de la 3-nitro-4- 
chlorobenzaldéhyde (0.01 mole) avec le phénol approprié (0.03 mole) dans la pyridine 
(10 ml) (fagon de procéder (b)), ou dans 5 ml d’eau contenant 0.4 g (1 équivalent) 


*Les points de fusion ont été pris a l'aide de l'appareil de Johns. 
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TABLEAU III 
2-N1ITRO-4-FORMYL-6-METHOXYPHENYL ARYL ETHERS 





N 
Pt. Rat Forme - - 
Groupe arvle ic % Solvant cristalline Formule %calculé % trouvé 

Phénvle 63 20 Ethanol Lamelles jaunes CyHnO3N §.12 4.7 
2-Méthoxyphénvle (2 136-137 30 Ethanol Aiguilles jaunes CisHyO6N 4.62 4.5 
4-Méthoxyphényle 110-111 45 Ethanol Aiguilles jaunes CysHyyO6N $62 4.6 
3-Formylphényle 138 39 Ethanol Prismes blancs CisHnOgN 4.65 4.8 
4-Formylphényle 131.5 32 Ethanol Prismes blancs CisH106N 4.65 4.7 
2-Méthoxy-5-formy- 167 40 Acide Prismes blancs CisHy;307N 4.23 4.4 

phényle acétique 
2-Méthoxy-4-formyl- 155 48 Acide Lamelles blanches C,gH,307;N 4.23 4.2 

phényle acétique 





d’hydroxyde de sodium (fagon de procéder (c)). Dans les deux premiéres fagons de 
procéder (soit (a) et (b)) on isole les éthers comme on le fait pour les éthers dérivés de la 
5-nitrovanilline, tandis que dans la derniére (soit (c)) on ne lave l’extrait éthéré qu’a l'eau. 
On cristallise les éthers dans |’éthanol (Tableau IV). 


rABLEAU IV 
2-NITRO-4-FORMYLPHENYL ARYL ETHERS 











N 
Pi., Rdt, Forme —_—_———- -— 
Groupe aryle a % cristalline Formule % calculé % trouvé 
Phényle 48 (a) 45 Prismes blancs Cy3HsOyN 5.65 5.3 
(a) 55 
2-Méthoxyphényle 101.5 (6) 52 Aiguilles blanches CuHi0OsN §.12 5.0 
(c) 50 
(a) 50 j 
4-Méthoxyphényle 66 (b) 50 Prismes jaunes CywHiOsN 5.12 5.3 
(c) 52 
(a) 45 ; 
3-Formylphényle 99 (b) 45 Lamelles blanches CH sO;N 5.16 §.1 
(c) 48 
(a) 54 7 
4-Formylphényle 93.5 (b) 70 Lamelles blanches CyH sO3N 5.16 5.3 
c) 28 
(a) 70 
2-Méthoxy-5- 127 (b) 65 Aiguilles blanches CisH110O6N 4.65 4.6 
formylphényle (c) 56 
a)75 
2-Méthoxy-4- 136 (5) 80 Prismes jaunatres CisH1O6N 4.65 4.9 
formylphényle (c) 15 
(a) 48 
3-Nitrophényle 128 (b) 49 \iguilles blanches CisHsOgN2 9.72 9.8 
2-Méthoxy-3-nitro- 190 c) 22 Lamelles blanches = Ci;5H10OsN2 8.09 8.2 


5-formvlphényle 


Ethers diphényliques dérivés de la 5-nitrosalicylaldéhyde 


Dans une solution de 2-chloro-5-nitrobenzaldéhyde (0.01 mole) dans de l’éthanol 
(5 ml) on verse une solution du phénol approprié (0.01 mole) dans 5 ml d'eau contenant 
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0.4 g (1 équivalent) d’hydroxyde de sodium et on fait bouillir 4 reflux pendant 1 heure. 
Lorsque le mélange réactionnel est a la température ambiante on le dilue avec de l'eau, 
on essore l’éther précipité et on le cristallise dans l’éthanol sauf pour le 2’-méthoxy-2,5’- 


diformy|-4-nitrodiphényl éther qu’on cristallise dans l’acide éthanoique (Tableau V). 


TABLEAU V 


2-FORMYL-4-NITROPHENYL ARYL ETHERS 











N 
P4., Rdt, Forme -— —— 

Groupe aryle ws % cristalline Formule % calculé % trouvé 
2-Méthoxyphényle 113 48 Aiguilles blanches CigHwWOsN 5.12 5.2 
4-Méthoxyphénvle 105 53 Aiguilles blanches CyQHwOsN 5.12 4.9 
3-Formy|!phényle 119-120 59 Prismes jaunatres Ci,sH,OsN 5.16 5.0 
4-Formylphényle 131.5 30 Prismes blancs Cy,HsO35N 5.16 5.3 
2-Méthoxy-4- 71 47 Aiguilles blanches CisHiOe6N 4 65 4.9 

formylphényle 
2-Méthoxv-5- 210 65 Lamelles blanches CisHiOgN 4.65 4.6 


formylphényle 





2,2'-Diméthoxy-4,4'-diformyldiphényl éther (Il; R = CHO, R, = H) 

On ajoute 9.93 g (0.03 mole) de 2,2’-diméthoxy-4,4’-diformy|-6-nitrodiphényl éther a 
une solution de chlorure stanneux (23.0 g) dans 25 ml d’acide chlorhydrique concentré. 
On agite ce mélange pendant 2 heures a la température ambiante, puis 5 minutes a 80°. 
On refroidit et on décompose le composé complexe en le versant dans 150 ml d’eau. On 
essore l’amine, on la dissout dans 50 ml d’acide chlorhydrique dilué (1:1) et on la diazote 
a 0° par l’addition d’une solution de nitrite de sodium (2.1 g) dans 10 ml d’eau. Tout en 
agitant cette solution du sel de diazonium et en la maintenant a 0°, on verse lentement 
100 ml d’acide hypophosphoreux 4 30° préalablement refroidi 4 0° et on laisse reposer le 
tout a cette température pendant 20 heures. On essore le précipité qui s’est formé et on le 
lave successivement a la soude diluée et a l’eau. Aprés avoir cristallisé dans un mélange 
de benzéne et d’éther de pétrole, on obtient 6.5 g (76% de la théorie) de 2,2’-diméthoxy- 
4,4’-diformyldiphény] éther pur sous la forme de prismes blancs de p.f. 123°. Calculé pour 
C16H1.Os: C, 66.9%; H, 4.9%. Trouvé: C, 66.7%; H, 5.1%. 


2,2’-Diméthoxy-4,4'-bis-(8-carboxyvinyl)-diphényl éther (R = CH=CH—CO:2H, R, = H) 
On chauffe au bain-marie pendent 1 heure, puis a reflux durant 5 minutes, un mélange 
de 2,2’-diméthoxy-4,4’-diformyldiphényl éther (5.8 g, 0.02 mole), d’acide malonique 
(6.5 g, 0.08 mole), de pyridine (25 ml) et de pipéridine (0.5 ml). On verse ensuite la 
solution froide sur de la glace (100 g) additionnée de 25 ml d’acide chlorhydrique con- 
centré et on filtre le précipité. On cristallise dans le benzéne et on essore 5.9 g (80° de la 
théorie) de 2,2-diméthoxy-4,4’-bis-(8-carboxyvinyl)-diphényl éther pur sous la forme de 
cubes jaunatres de p.f. 225-226°. Calculé pour C2oH1sO7: C, 64.89; H, 4.89%. Trouvé: 
C, 64.4%; H, 4.9%. 
2,2'-Diméthoxy-4,4'-bis-(8-carboxyéthyl)-diphényl éther (R = CH:—CH2—CO2H, R; = H) 
A une solution vivement agitée de 2,2’-diméthoxy-4,4’-bis-(3-carboxyviny])-diphény] 
éther (7.41 g, 0.02 mole) dans 200 ml de soude 4 10°%, on ajoute, en petites portions et en 
l'espace de 1 heure, 20.0 g de l'alliage de nickel Raney. On filtre ensuite, on lave le 
précipité a l'eau et on verse le filtrat dans 10 ml d’acide chlorhydrique concentré. On 
essore le 2,2’-diméthoxy-4,4’-bis-(8-carboxyéthy]l)-diphényl éther et on le cristallise dans 
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léthanol a 50°. L’éther cristallise en aiguilles blanches de p.f. 126°. Rendement: 6.0 g 


(80° de la théorie). Calculé pour CooH2207: C, 64.1%; H. 5.9%. Trouvé: C, 63.8%; 
H, 6.0%. 
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ON THE SPECTRAL RESPONSE OF PHOTOCONDUCTION 
IN THIN SINGLE CRYSTALS OF ANTHRACENE! 


J. FERGUSON? AND W. G. SCHNEIDER 


\BSTRACT 

The photoconduction of thin crystals of anthracene (sublimation flakes) has been studied 
as a function of the wavelength of the incident light as well as the geometry of the ‘‘surface 
cell” arrangement. With spot electrodes on one face of the crystal, the spectral response showed 
a very pronounced difference depending on whether the electrode face or the opposite face 
was illuminated. In the latter case the spectral response followed the absorption curve of the 
crystal, whereas when the electrode face was illuminated the photoconductivity was a 
minimum at wavelengths corresponding to maximum extinction coefficients of the crystal. 


INTRODUCTION 

Photoconduction of aromatic compounds has been the subject of a considerable number 
of recent publications (1-17). One important aspect of this work has been the study of the 
variation of the photocurrent with wavelength. Carswell (18) first noted that the spectral 
dependence of the photocurrent in anthracene crystals reproduced the absorption 
spectrum of the crystal, and Lyons and co-workers (3, 13, 14) have extended these 
measurements to other compounds. Lyons (4) has suggested a reason for the similarity 
between the absorption spectrum of the crystal and the spectral dependence of the 
photocurrent. During the course of an investigation of the absorption and fluorescence 
spectra of anthracene sublimation crystals (19, 20) we have remeasured the spectral 
dependence of the photocurrents in these crystals and we find that if particular care is 
taken to ensure that the electrode material is only on the surface on which the light falls, 
the spectral dependence does not reproduce the absorption spectrum. The present paper 
reports these measurements. 


EXPERIMENTAL 

The anthracene crystals were grown by sublimation in an atmosphere of carbon 
dioxide. Chromatographically pure anthracene which had been kept in the dark after 
purification was used. Crystals deliberately contaminated with tetracene were obtained 
by adding small amounts of tetracene to the anthracene before sublimation. 

The sublimation crystals were usually transferred to a clean silica disk so that one of the 
developed ab crystal faces was in contact with the silica disk. The disk provided the neces- 
sary support for the very thin crystals. A few measurements were made on thicker 
crystals (about 3 ~) mounted over a slot cut in a silica disk so that only about one half 
of the crvstal was supported by the disk. These measurements did not differ significantly 
from those made with the disk supporting all of the crystal. 

Aquadag was initially used as the electrode material but it was found that at low light 
intensities the photocurrent showed an unusually long build-up time and this was 
eliminated by reverting to electrodes from alkadag. The electrodes were judged to be 
“good” if no back e.m.f. was found. 

At first, electrodes were painted over each end of a crystal and also over part of the 

‘Manuscript received May 14, 1958. 
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silica disk. This produced an apparent variation of the spectra! dependence of the photo- 
current with crystal thickness. This variation was removed when care was taken to place 
the electrodes so that contact was made only with one ab face of the crystal. This was 
done by anchoring two flexible wires at diametrically opposite sides of a silica disk and 
making electrode contact to the exposed ab face with alkadag, taking particular care to 
prevent the electrode material from lapping over the edge of the crystal (see Fig. 1). 
Two arrangements were then possible, one with the light incident on the exposed ad 
face (electrode side), the other with the light incident on the opposite face. 


oe — 8 mm ———> 


SILICA DISK 


— CRYSTAL 


ELECTRODES 
ELECTRODE GAP = 1-2mm 


Fic. 1. Diagram of electrode arrangement. The incident light uniformly covered the electrodes and 
the area between the electrodes. 


The silica disk was then mounted on a teflon block inside a brass cell fitted with a 
silica window. The cell, which could be evacuated, was clamped to a Keithley 200B 
micromicroammeter. Normally measurements were made in dry air but a few were made 
in an atmosphere of helium. 

The spectral dependences were determined with a Beckman DU Spectrometer as a 
monochromator. The light source was a 500-watt projection lamp and the radiation was 
polarized by a sheet of polaroid between the exit slit and the cell. The wavelength knob 
of the monochromator was driven by a motor and the photocurrent was recorded by a 
Varian G10 recorder. The intensity dependence of the photocurrent was measured at 
different wavelengths by using filters of evaporated silver on silica. After the photo- 
conduction measurements had been made the absorption spectrum in polarized light was 
determined in every case. 


The photocurrents were usually in the range 10~-8—-10-" amp and slit widths varied 
from 0.05 to 0.4 mm, with 0.2 mm the usual value. No increased ‘‘resolution’’ was found 


at slit widths below this value. 


RESULTS 
A. Anthracene Crystals Containing Tetracene 
There are two processes taking place after the absorption of light which could possibly 
complicate the interpretation of the spectral response of the photocurrent. These are the 
migration of excitation energy and reabsorption of fluorescence. It is important to 
demonstrate experimentally that migration of energy over a large number of lattice 
parameters (50-100) is not an essential factor in determining the spectral response. This 
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can be done simply by deliberately contaminating anthracene with small amounts of 
tetracene so as to quench the anthracene fluorescence and thereby reduce the mean free 
path of the exciton. This was done for a series of crystals with increasing tetracene con- 
centration but no change in the polarized spectral response was observed, with either 
arrangement of electrodes and incident light, from that observed with pure anthracene 
crystals even when 90° % of the emission was from the tetracene. These experiments also 
proved that reabsorption of fluorescence was not an important factor. 

One observation, noted previously (15), is that the magnitude of the photocurrent is 
decreased markedly by the introduction of the tetracene. This suggests that the process 
leading to the production of charge carriers is one that does not take place in a time 
that is very short compared to the lifetime of the excited state, and the formation of 
charge carriers is thereby inhibited by any interaction which decreases, even slightly, 
the lifetime of this state. 


B. Pure Anthracene Crystals 

The spectral responses recorded here were all taken in dry air. Some measurements 
were made in which the cell was evacuated to 10~-° mm Hg and then dry helium introduced 
at atmospheric pressure. These showed that no significant changes occurred in the 
spectral response even after continued pumping resulting in appreciable sublimation of 
the crystals. As mentioned earlier, care was taken to ensure that the anthracene, after 
purification, was not exposed to light of high intensity so that photooxidation products 
on the surface of the crystals were kept to a minimum. 

It was necessary to correct the spectral response in two ways. First, the intensity of the 
light incident on the crystal decreased with decreasing wavelengths so correction factors 
were calculated from the known energy distribution of the light source, the dispersion of 
the monochromator, and the transmission of the polaroid sheet. Measurements of the 
photocurrent at different wavelengths with polarized light of varying intensity showed 
that the photocurrent was directly proportional to the light intensity for both arrange- 
ments of light and electrodes. This result is needed to correct the response curves to 
equal energy input but is more important for an interpretation of the spectral response. 
Second, the spectral response has to be corrected in regions of the spectrum where the 
crystal transmits light. This occurs with very thin crystals for wavelengths within the 
absorption region and for all crystals at wavelengths on the absorption edge. In order to 
do this the absorption spectrum of each crystal was determined but no measurements 
of reflection losses were made. Although the latter will be small in regions where the 
absorption is strong (21) they are very important on the absorption edge when the 
optical density is less than about 0.2. As the correction factors convert the observed 
response to equal amounts of absorbed energy, they will be in serious error on the tail of 
the absorption band because the apparent absorption due to reflection is appreciable, and 
for this reason the corrected spectral dependences reported here cover only the wave- 
length region where reflection losses cause no appreciable error to the measured absorption 
spectrum. 

As mentioned in the Experimental section, particular care is required in applying the 
electrode material to the crystals. If the electrodes are carefully placed only on the exposed 
ab face, then it is found that the spectral dependence depends critically on whether the 
incident light falls on this surface or on the opposite surface. Figs. 2 and 3 illustrate this 
behavior. 

It was found that with light incident on the surface containing the electrodes the 
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WAVELENGTH (my) 


Fic. 2. The spectral dependence of the photocurrent (correc ted to equal amounts of absorbed energy) 
in polarized light of a single anthracene crystal, thic — 0.33 w; A, light incident on the surface containing 
the electrodes; B, light incident on the opposite face; C, the absorption spectrum of anthracene crystal (21). 


wavelengths of maximum photocurrent correspond to wavelengths of minimum absorp- 
tion coefficient, and this holds for both crystal polarizations. It is only when the light is 
incident on the other face that a resemblance is found between the spectral response of 
the photocurrent and the absorption spectrum of the crystal. In this case the wave- 
lengths of maximum photocurrent correspond to wavelengths of maximum absorption 
coefficient and, although there is an apparent resemblance between the absorption 
spectrum and spectral response of the photocurrent, there is not a direct relation between 
the two. It must be assumed that in earlier reports of the spectral dependence of the 
surface cell the electrodes were not carefully confined to the surface on which the light 
was incident. 

Measurements of the relative magnitudes of the photocurrents produced in the two 
arrangements were not made. However, with crystals of thickness about 4 » mounted on 
silica and with electrodes not carefully confined to the top surface, i.e. electrode material 
painted over the crystal and onto the disk, the spectral response showed a resemblance 
to the absorption spectrum. This arrangement corresponds to electrodes simultaneously 


so 
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on the front and back surfaces but with unequal distances between the electrodes. As the 
spectral response appeared similar to the absorption spectrum, we can assume that the 
arrangement with the electrodes on the back surface gives higher currents in the external 
circuit than the other arrangement. 

A large number of measurements were made of the spectral response of a series of 
crystals of different thickness with the ‘‘true’’ surface cell arrangement, i.e. light incident 
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Fic. 3. The spectral dependence of the photocurrent (corrected to equal amounts of absorbed energy) 
in polarized light of a single anthracene crystal, thicknecs 2.9 u. The top two curves were measured with 
the light incident on the surface containing the electrodes, the bottom two with the light incident yon the 
opposite face. 
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on the face containing the electrodes. Fig. 4 shows some of the results. The crystal 
thickness ranges from 0.23 to 3.2 u but there does not appear to be a dependence of the 
spectral response on crystal thickness. This is not strictly true for the 6 polarization, 
where there is seen to be a slight shift of the response to longer wavelengths for thicker 
crystals. This is interpreted as reflecting a modification of the surface energy levels in the 
thicker crystals (19), so that light absorbed near the surface is of slightly longer wave- 
length. The a polarization also shows variations in relative peak heights, as can be seen, 
but these show no correlation with crystal thickness. 


DISCUSSION 

It is apparent from Figs. 2, 3, and 4 that the wavelengths which are most strongly 
absorbed produce least photocurrent in the “‘true” surface cell arrangement. The result 
is striking and suggests immediately that carrier recombination limits the photocurrents 
in regions of high light absorption. However, the photocurrent is directly proportional 
to the light intensity and also, if recombination is limiting the photocurrent in these 
regions, then the spectral response in the arrangement where the light falls on the 
opposite ab face should be similar, whereas maximum photocurrent is found at wave- 
lengths of high absorption coefficient. 

Although the results are striking we are not able to interpret them at present. We do, 
however, make the suggestion that diffusion of charge carriers, hitherto neglected, should 
be seriously considered in any attempt at an explanation. The surface cell arrangement 
of electrodes must produce an inhomogeneous field within the crystal and this, coupled 
with diffusion of carriers, can possibly complicate the spectral dependence. 

The parallelism between the spectral response within the absorption region and the 
absorption edge should be noted. Inside the absorption band we see that wavelengths of 
minitnum light absorption (true surface cell arrangement) produce a higher photocurrent 
than wavelengths of maximum absorption. If we compare the absorption edge with the 
absorption band as a whole we see that the former produces a higher photocurrent 
than the latter, so the general rule appears to be that high photocurrents are obtained in 
regions of low light absorption. We must not therefore interpret the spectral response 
of the surface cell to mean that the absorption edge necessarily has a higher efficiency for 
charge carrier formation. This becomes clear when we compare the two regions in the 
other arrangement of the light and electrodes, the general rule here being that high 
photocurrents are obtained in regions of high light absorption. 

We would like finally to suggest that considerable care be taken in the interpretation 
of spectral response curves of organic photoconductors as anthracene is not a unique case. 
It was shown earlier (22) that the spectral dependence of 9,10-dichloroanthracene is also 
critically dependent on incident light and electrode geometry. Also we note the attempt 
to assign the electronic states of the pyrene molecule from measurements of the polarized 
spectral dependence of single crystals of pyrene (14). The assignment of the lowest 
excited state is most likely correct but the sense of the polarization ratio as observed in 
the spectral dependence of the photocurrent is opposite to that found by direct absorption 
spectroscopy (23). This is then probably a result of some specific sensitivity of the 
electrode and incident light geometry. 
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KINETICS OF EXCITED MOLECULES 
I. KETENE! 


B. T. CONNELLY AND GERALD B. PoRTER 


ABSTRACT 


The primary quantum yield of ketene decomposition was studied as a function of pressure, 
temperature, and wavelength. The results show that excited vibronic states are formed which 
may be degraded before dissociation can occur. The ratio of the rate of collisional degradation 
to the rate of dissociation decreases from 164 liters/mole at 3340 A to 16.8 liters/mole at 
3130 


INTRODUCTION 

Previous experiments have shown that the primary quantum yield of ketene decom- 
position is a function of the wavelength of the absorbed radiation. At 2700 A Strachan 
and Noyes (1) found the primary quantum yield to be unity within experimental error, 
independent of pressure and temperature. At 3650 A (1) the primary quantum yield, 
extrapolated to zero pressure of ketene, is much less than unity, decreases as pressure 
is increased, and increases with increase in temperature. 

Following the absorption of 2700 A radiation and the formation of an excited ketene 
molecule, dissociation occurs in less time than that required for collision with another 
molecule, to give a methylene radical and a molecule of carbon monoxide. The methylene 
radical then attacks another ketene molecule to form ethylene and another carbon 
monoxide, according to the following mechanism: 


K + hy (2700 A) = K™, [1m] 
CH: + CO, 
CH; + K = CH, + CO, 


[2m] 


m 


is a ketene molecule excited by 2700 A radiation. 
For each photon absorbed, one molecule of ketene is dissociated and two molecules of 


where K is a ketene molecule, and K 


carbon monoxide are formed. 

Strachan and Noyes (1) found the quantum yield of carbon monoxide formation to be 
2.12+0.15. They also found the ratio of the quantum vield of carbon monoxide formation 
to the quantum vield of ethylene to be 2.2 instead of 2.0 to be expected from reactions 
[1m] and [2m]. 

It is evident therefore that some methylene radicals are involved in another reaction, 
such as 

CH, + yCH:CO = pclymer + CO. 

At 3650 A, the low quantum yields can be attributed to collisional deactivation and 
internal conversion of the excited ketene molecules (2), according to the following 
mechanism: 


K + hy (3650 A) = Ka, [1g] 
Ke = products, (2q] 
Ke = K, [3q] 
Ke +kK = 2K. [4q] 


The energy is dissipated in processes [3g] and [4g] as heat, since no fluorescence has ever 
been observed. 


'Manuscript received July 28, 1958. . 
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It is evident from the low quantum yield that reaction [3g] is more rapid than reaction 
[2g]. As the pressure is increased the rate of reaction [4g] increases from zero to become 
the dominant process. Extrapolation to zero pressure at 26° C gives a carbon monoxide 
quantum yield of approximately 0.07. At 3650 A, therefore, dissociation occurs only after 
a finite time interval during which the excited ketene molecule may be deactivated. 

Kistiakowsky and Mahan (3) found that the primary quantum yield at 3130 A was 
independent of pressure and suggested a value of unity. However, they apparently in- 
vestigated the photolysis over a narrow range of pressures and their results are therefore 
not conclusive. Investigation of the quantum yield at a number of wavelengths provides 
the means of determining the relation between the rate of dissociation and the energy of 
the dissociating molecule. It was therefore decided to investigate the photolysis of ketene 
at 3130 A more carefully over a wide range of pressures using a technique whereby 
quantum yields could be determined accurately. This technique would reveal any small 
effect of pressure on the primary quantum yield that may have escaped detection in 
previous work (3). 

It was felt that since another mercury-arc line, 3340 A, occurs between 3130 A and 
3650 A, precise quantum yield determinations at this wavelength would substantially 
increase our understanding of the process of deactivation. 


EXPERIMENTAL 

A medium pressure 100-watt Hanovia mercury-arc lamp was used as the light source 
for runs at 3130 A. The lamp was encased in aluminum tubing with }-in. diameter hole 
opposite the arc. The lamp was run from a constant voltage regulator (115 volts). For 
runs at 3340 A a B.T.H. medium pressure mercury-arc lamp was used. The divergent 
light beam passed through a combination of two quartz convex lenses. 

A filter cell block consisting of two compartments each 2.5 cm long and with quartz 
windows, together with a 2-mm Corning 9863 filter to exclude visible radiation, was 
placed between the lenses and the cell. The quartz reaction cell of length 14.8 cm and 
diameter 3.6 cm was housed in a heated aluminum block in which the temperature could 
be controlled to within +0.1°C. The emergent beam was passed through another 
convex lens and focused on the cathode of an RCA 935 photocell. 

The filter solutions used are given in Table I and the respective transmissions at the 
various wavelengths are shown in Fig. 1. Filters A and B were similar to those of Hunt 
and Davis (4), although the nickel chloride was omitted. Filter C was similar to that 
suggested by Kasha (5). 
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Fic. 1. Percentage transmission against wavelength for filters A, B, and C. 
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TABLE I 
FILTER SOLUTIONS 








Naphthalene 








Potassium Potassium in methyl 
biphthalate, chromate, Nickel sulphate alcohol, 
Filter ¢/100 ml ¢/100 ml hexahydrate, ¢/50 ml 
solution 2.5-cm cell 2.5-cm cell l-cm cell l-cm cell Glass filters 
A 0.08 0.008 ~ 2-cm Corning 9863 

B 0.08 0 O19 — 2-mm Corning 9863 
; - Saturated 0.44 2-mm Corning 9863 
solution l-mm Pyrex window 





Gas Analyses 

Gas analyses were carried out in an all-glass high-vacuum system evacuated by a 
standard-type oil pump and a single stage mercury diffusion pump. In this system mercury 
cutoffs were used in place of stopcocks. 

The carbon monoxide analysis was performed by allowing the products to flow through 
successive baths cooled to —78° C, —196° C, —210° C (dry ice — acetone, liquid nitrogen, 
and solid nitrogen, respectively). The solid nitrogen trap was prepared by pumping on 
fresh liquid nitrogen for about fifteen minutes. 

Ketene was condensed in the first two baths and the ethylene was collected in the 
solid nitrogen trap. Carbon monoxide was the only product not condensed at —210° C 
and was measured with a McLeod—Toepler gauge (1). 


Diethyl Ketone 

Diethyl ketone, used as the internal actinometer for runs at 3130 A, was fractionally 
distilled (b.p. 101°). Once on the line, the diethyl ketone was distilled under vacuum 
and the middle third was retained. 

Prior to each run, a quantity of diethyl ketone was transferred from a blackened 
storage bulb to a dry ice — acetone cooled trap and outgassed three times until all non- 
condensables and low-boiling gases were removed. 

Ketene 

Ketene was prepared in the vacuum system by pyrolyzing acetic anhydride (6). 
Trap-to-trap distillation was performed on the freshly prepared ketene and the middle 
third retained. Prior to each run, a. quantity of ketene was thoroughly outgassed by 
three distillations similar to those for diethyl ketone. The ketene was stored in a trap 
immersed in liquid nitrogen to prevent polymerization. 


Actinometry 

3130 A 

Diethyl ketone was selected for experiments at 3130 A where the quantum yield of 
carbon monoxide formation is 1.0 at 100° C (7). The use of an internal actinometer was 
found to be very convenient because it is devoid of the errors usually associated with 
external actinometers. 

The measurement of the intensity absorbed during a run was performed by the con- 
version of the current from the photocell into a voltage which was continuously recorded 
on a 10-mv recorder. The following scale readings were taken: 


R; = cell empty, 
R, = photolyte in cell. 


The recorder scale was calibrated using diethyl ketone as an internal actinometer. 


n 


a 
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Scale readings were taken before and after each run to determine the average R;. This 
was necessary because of the fluctuation and decay of the lamp, and polymer formation. 
R, was measured continuously during each run. 

The difference R; — R, = R, was calibrated in terms of absolute intensity by the 
measurement of carbon monoxide vields from the photolysis of diethyl ketone at 100° C. 
It was possible to measure R, to within +0.5% and, on averaging the results of a number 
of diethyl ketone runs, quantum vields of carbon monoxide formation from ketene were 
obtained within +3°%. 

At 3130 A, an external actinometer was also used (8), but because of the large amount 
of reflection from the glass-air interfaces and because of the suspected polymer on the 
exit wall of the reaction cell, the values for the absolute intensity of the light were con- 
siderably lower than those obtained using diethyl ketone. Twelve runs were performed 
using potassium ferrioxalate actinometer; consistent results indicated the need for a 
conversion factor to be applied when the external liquid actinometer was used to es- 
timate the energy absorbed during runs at 3130 A. 

The intensity found from a ferrioxalate run when multiplied by this conversion factor 
gave the intensity incident to the cell, reproducible to within +10%. 

3340 A 

The potassium ferrioxalate actinometer was used for runs at 3340 A, since no internal 
actinometer is available for this wavelength. The intensities obtained by this actinometry 
when multiplied by the conversion factor found previously were used to calibrate the 
recorder scale. Absorbed intensities were obtained from measurements of R,, R;, and 
R,, as described previously. 


RESULTS 
3130 A 

Using filter solution combination A, at low pressures of ketene, a carbon monoxide 
quantum yield of 1.82 was obtained, whereas at high pressures around one atmosphere, 
the carbon monoxide quantum yield decreased to 1.08, as shown in Table II. A decrease 
in the carbon monoxide quantum yield at high pressures was expected. 

The results of five diethyl ketone actinometer runs, at pressures ranging from 60 to 
155 mm of diethyl ketone, and interspersed between the ketene runs, gave a light intensity 
of approximately 5.4 10'* quanta per second. 

Using filter solution combination B, a new series of diethyl ketone actinometer runs 
gave intensities of approximately 1.6X10'* quanta per second. The carbon monoxide 
quantum yield at low pressures of ketene was 2.0 within experimental error, and at 1 
atmosphere a value of 1.18 was obtained as shown in Table II. 

Absorbed intensities varied from 0.442 X 10'4 quanta per second at 17 mm to 1.911 10"4 
quanta per second at 751 mm. All ketene runs were conducted at 37° C. 

It was found that the transmissions at 3130 A of filters A and B were appreciably lower 
after 2 weeks’ constant use. 


3340 A 

The naphthalene in methy! alcohol solutions darkened after only a few hours’ exposure 
to the lamp and its transmission at 3340 A decreased noticeably. Even when a pyrex 
window, which absorbs 50% of the light at 3130 A and 100% of light of shorter wave- 
lengths, was placed in front of the naphthalene solution darkening continued. This effect 
may have been caused by the attack of methyl alcohol on the adhesive used to bond 
the quartz windows to the pyrex cell. 
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TABLE II 
PHOTOLYSIS OF KETENE 


Intensity 



































299.5 





absorbed, 
Pressure of Length of quanta /second 
Run ketene, mm _ run, seconds x107! @ = }4co 
3130 A Cell temperature 37.0 °C Filter A 
1 35.8 3600 2.305 0.91 
5 56.5 1800 2.855 0.93 
4 201.6 2700 4.360 0.74 
2 402.7 900 4.790 0.59 
3 444.5 914 4.580 0.57 
7 726.8 1800 4.290 0.54 
3130 A Cell temperature 37.0° C Filter B 
14 17.0 3600 0.442 1.03 
13 40.8 2460 0.846 1.00 
12 57.1 1800 1.029 1.00 
11 135.8 2407 1.428 0.94 
9 230.3 2400 1.710 0.83 
10 679.1 1920 1.584 0.63 
8 750.7 2400 1.911 0.59 
3340 A Cell temperature 37.0°C Filter C 
18 26.0 180 1.221 0.72 
15 39.7 4200 0.771 0.72 
16 47.0 1800 2.545 0.51 
17 105.3 600 2.825 0.41 
20 177.8 390 1.841 0.37 
19 384.6 900 2.023 0.21 
3340 A Cell temperature 100.0° C Filter C 
24 26.1 180 0.811 0.80 
23 56.7 240 1.239 0.74 
22 121.8 255 1.579 0.58 
21 600 1.920 


0.37 





The intensity of the beam as measured using the ferrioxalate actinometer when 
multiplied by the conversion factor of 2.72 gave an incident intensity of approximately 
2.1X10'® quanta per second. When related to the recorder, this became 0.87 X10" 
quanta per second per scale division. The carbon monoxide quantum yields were de- 
termined at both 37° C and 100° C and the results are summarized in Table II. 

DISCUSSION 

The photolysis of ketene at 2700, 3130, 3340, and 3650 A can be explained by the 

following processes: 





K + Ay (2700 A) = Km [1m] 
K + hy (3130 A) = K" [17] 
K + hy (3340 A) = K? [1p] 
K + hy (3650 A) = Ke [1g] 
kK" = products [2m] 
Kk" = products [27] 
Kk? = products [2p] 
Ke = products [2g] 
k= = K [3m] 


—— Comm Dl OT 
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kK" =K [3m] 
Kk? =K [3p] 
Ke =K [3q] 
K* + K = 2K [4m] 
K* + K = 2K |4n) 
K? + K = 2K [4p] 
Ke + K = 2K [4q] 


where K is a molecule of ketene, and K”, K", K?, and K¢ are excited ketene molecules in 
order of decreasing vibrational energy. Reactions [1] represent activation; reactions [2] 
represent product formation; reactions [3] represent internal conversion; and reactions 
[4] represent collisional deactivation. 

It is not implied that the above mechanism which represents the activation and 
deactivation of excited molecules K", K", K?, and K* formed at wavelengths 2700 A, 
3130 A, 3340 A, and 3650 A is complete. It is obvious that a ketene molecule in vibronic 
state m can lose its excess energy by a series of vibrational cascades to states n, p, q, etc. 
until it eventually reaches the equilibrium vibrational state. The number of vibronic 
states may be 100 or more for a molecule initially in state m. The kinetics of such a 
process are very complicated and will be treated in a later paper (9). 

_For simplicity the present discussion will consider only reactions {1}, [2], [3], and [4], 
with rate constants ky, ke, ks, and ky, to represent the activation, deactivation, and 
dissociation of excited ketene molecules in states m, n, p, and q. 

In general, 


1/@¢ = 14+ (ks; ko) +k,[K] ke 


represents the equation obtained by steady-state treatment; ¢ is the primary quantum 
vield, k3/k2 is the intercept in the plot 1/¢ against pressure, and ky/k2 is the slope in 
liters ‘mole. 


2700 A 

Strachan and Noyes (1) found that the quantum yield of carbon monoxide formation 
was approximately two. According to the proposed mechanism the primary quantum 
yield is thus unity. It is evident, therefore, that over the range of pressures and tempera- 
tures used, internal,conversion and collision deactivation of the excited ketene molecules 
is negligible. The only way in which these molecules can lose their excess energy is by 
dissociation. The observed quantum yields can be explained by the mechanism: 


[1m], [2m]. 


That internal conversion and collisional deactivation are absent may be seen from the 
intercept of unity and the zero slope of the plot of 1/¢@ against pressure. 


3130 A 

The primary quantum yield of ketene decomposition at this wavelength appears as an 
isolated number in several papers devoted to ketene photolyses at other wavelengths 
(3, 9, 10, 11). However, only the recent work of Kistiakowsky and Mahan (3) gives 
experimental data. From the limited amount of information given it appears that photo- 
lyses were only performed at low pressures, in the region of 20 mm. It was found that the 
primary quantum yield was independent of pressure and possibly equal to unity. 

This research has shown that when light which was not monochromatic but which 
contained quantities of both 3340 and 3650 A radiation was used, primary quantum 
vields of 0.91 at 35.8 mm and 0.54 at 726.8 mm were obtained, as shown in Table II. 
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The plot of 1/@ against pressure intercepts the axis at approximately 1.1 and has a 
positive slope. It is likely, therefore, that internal conversion and collisional deactivation 
of the excited ketene molecule contribute slightly to the deactivation process. 

Because of the known low quantum yields at 3650 A and the suspected low yields at 
3340 A, a new series of experiments was performed using monochromatic 3130 A radia- 
tion. The results of these experiments are shown also in Table I]. The primary quantum 
yield is 1.0 at pressures between 17 and 60 mm, and 0.59 and 750.7 mm. 

The plot of 1/@ against pressure is shown in Fig. 2; although the extrapolation to zero 
pressure is unity, because of experimental error the presence of internal conversion is not 
entirely excluded from the mechanism. The positive slope of the plot in Fig. 2 indicates 
the presence of collisional deactivation, and hence the mechanism: [1m], [2a], [3], [42] 
may be postulated in which the extent of reaction [37] is very small. k3/k» is approximately 
zero while ky/k» = 16.8 liters/mole. 
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Fic. 2. Dependence of primary quantum yield on concentration at 3130 A. 


The mechanism of ketene decomposition at 3130 A is intermediate between those 
postulated for 2700 A and 3650 A. From Table II it appears that at low pressures of 
ketene, every excited ketene molecule dissociates to form products, whereas, at pressures 
greater than approximately 60 mm, some of the excited molecules lose their energy by 
collision with unexcited molecules of ketene. 

The photolysis at 3130 A was not extended to higher temperatures because it was 
thought that little or no significant information would be obtained. 

In three experiments the ethylene quantum yield was found to be 1/2.14 of the carbon 
monoxide quantum yield. This is approximately the same as that found at 2700 A (1) 
and 3650 (1, 13). 


3340 A 

This research has indicated thac for photolyses at 37° C the primary quantum yield 
is 0.72 at 26 mm and 0.21 at 384 mm. The zero pressure intercept in Fig. 3 is 1.25. The 
slope of the plot is much steeper than for 3130 A: 1.64X 10? liters mole. This indicates 
that considerable collisional deactivation of K? occurs. 


Four runs were performed at 100° C and as expected, both the slope and the intercept 
were smaller than for runs at 37° C. At 26.1 mm the primary quantum yield is 0.80 and 
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Fic. 3. Dependence of primary quantum yield on concentration at 3340 A. 


at 300 mm equals 0.37. The zero pressure intercept at 100° C is 1.1 and the slope of the 
straight line is 0.99 X10? liters/mole, both obtained from Fig. 3. The ratio of the rates 
of internal conversion to product formation at 100° C is 0.1. 

The mechanism for the activation and deactivation of K? is: [1p], [2p], [3p], and [49], 
at both 37° C and 100° C. From this information in Table II and Fig. 3, it was possible 
to estimate approximately the activation energy of reaction [2p] from the slope of the 
plot of log.(ks/k2) against 1/T. The slope is (E2—E,4)/R. If Ey is assumed to be zero, 
then E2 is approximately 2 kcal/mole. This value is subject to a large uncertainty. 


3650 A 
Strachan and Noyes (1) found a zero pressure intercept of 28 in the plot of reciprocal 
primary quantum yield against pressure. This corresponds to a primary quantum yield 
of approximately 0.036 at 26° C. The slope of the linear plot is 4.65 10* liters/mole. 
Both the intercept and the slope decrease with increasing temperature. The activation 
energy of reaction [2g] is 4.5 kcal/mole. 


k;/k, as a Function of Wavelength 

At 2700 A, this ratio is indeterminant. Values of approximately 3X10-%, 1.210-3, 
and 6X10‘ all expressed in moles/liter are found for 3130 A, 3340 A, and 3650 A, re- 
spectively. It must be emphasized that the values found for 3340 A and particularly 
3130 A are subject to possible large errors. 


k>/k, as a Function of Wavelength 

The slope of the plot of reciprocal quantum yield against pressure shows a marked 
dependence on wavelength, increasing from zero at 2700 A to 4.65X10‘ liters/mole 
at 3650 A. The intermediate values are 16.8 liters/mole at 3130 A and 1.6410? liters/ 
mole at 3340 A. It should again be pointed out that the result at 3650 A was found at 
26° C, whereas the other values were obtained at 37° C. 

k2/k, is thus 0.06, 0.61X10-, and 0.2210-‘ moles/liter at 3130, 3340, and 3650 A 
respectively. In Fig. 4 these values are plotted against the energy of the exciting radiation. 
The slope increases rapidly as the energy of excitation increases. 

If it is assumed that k,, related to collisional deactivation, is virtually independent of 
the energy of the radiation, Fig. 4 represents the variation of k2 with energy of the 
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Fic. 4. Variation of k2/k, with energy of excitation. 


exciting radiation. It is evident, therefore, that the dissociation rate constant increases 
rapidly with increasing energy. 

A further assumption that k, is the collision rate constant, 1.29 X10" moles liters 
sec! calculated for a collision diameter of 3.5 A, gives absolute values for k» of 7.74X 10°, 
7.87 X 108, and 2.84 10% sec at 3130, 3340, and 3650 A, respectively. 


Energy of -\ctivation of Reaction |2| as a Function of Wavelength 

The apparent energy of activation for the dissociation reaction is 0, 2, and 4.6 (1) 
keal mole at 2700, 3340, and 3660 A, respectively. The difference in activation. energy 
at 3340 and 3660 A does not correspond to the difference in energy of the absorbed 
quanta. The fact that the activation energy changes with wavelength implies the con- 
tribution of at least two different dissociation processes. These processes may arise from 
different electronic states, e.g., singlet and triplet states, whose ratio depends on wave- 
length. Since ketene neither fluoresces nor phosphoresces, the only evidence for the 
contribution of a second electronic state is the analogy with other ketones (12). 
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THE SOLUBILITY OF URANIUM PEROXIDE IN ACIDIC AND 
BASIC MEDIA AT 25° C! 


KaRL H. GAYER AND LANCELOT C. THOMPSON 


ABSTRACT 


The solubility of uranium peroxide UQ,*-2H,O was measured in NaOH and HC1Q, solutions 
Possible reactions of UOyXH,0 in dilute HCIQ, solutions and possible reaction of UO¢XH,O 
in dilute NaOH solutions are indicated along with the calculated constants. As might be ex- 
pected, the several oxygens associated with the uranium atom appear to make the hydroxide 
more acidic than basic. 


The purpose of this investigation was to obtain information regarding the reactions 
of uranium peroxide in dilute sodium hydroxide and dilute perchloric acid. These data 
should give (1) partial evidence as to the ionic species. 

Uranium peroxide has not been investigated in relation to its solubility in acid or base. 
The literature on this substance is concerned with its preparation and composition. 


EXPERIMENTAL 
Procedure 
The general procedure is similar to that used by Garrett and Heiks (1). 


Preparation of Conductivity Water 
The preparation of conductivity water is that of Gayer and Woontner (2). 


Colorimetric Reagents 

A standard uranium solution was prepared by dissolving uranium trioxide UO;-H.O 
(prepared by hydrolysis of the uranyl acetate) in perchloric acid. Aliquot portions of 
this solution were used to prepare the color standards. A 10% sodium hydroxide solution 
was prepared from Baker and Adamson reagent pellets. and distilled water. A 20% 
sodium carbonate solution was prepared with Baker and Adamson anhydrous reagent 
and distilled water. Baker and Adamson 30° hydrogen peroxide was used in preparing 
colorimetric solutions. 


Determination of pH 

The flask necks were broken while enclosed in a rubber membrane and samples were 
taken using a Beckman 290-78 hypodermic-type glass electrode. Measurements were 
made with a Beckman Model G meter which was calibrated at pH 4 with 0.05 M 
potassium acid phthalate buffer, at pH 7 with Beckman 3581 buffer, and at pH 10 with 
boric acid — sodium hydroxide buffer. 


Uranium Analysis 

The uranium analysis was made with a Beckman Model B spectrophotometer using 
the NaOQH-Na.CO;-H.02 method to produce the color, as described in Analytical 
Chemistry of the Manhattan Project (3). 


Uranium Peroxide UOy-XH:O 
Pure UO,-XH.O was prepared by adding 30% hydrogen peroxide to a solution of 
uranium nitrate until precipitation was complete. A small amount of NaNO; was added 
1 Manuscript received June 18, 1958. — = 
Contribution from the Chemistry Department, Wayne State University, Detroit, Michigan. From a disser- 
tation submitted by Mr. Lancelot C. Thompson in partial fulfillment of the requirements for the Doctor of 
Philosophy degree at Wayne State University. 
Can. J. Chem. Vol. 36 (1958) 
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to the precipitate which was then washed with conductivity water until the washings 
gave a negative sodium flame test. This material was used in the equilibrium studies. 


Uranium Peroxide UO,-2H:O 

The peroxide prepared as above was dried at 100°. Analyses of this material corre- 
sponded to the formula of the dihydrate. This material was used in the perchloric acid 
solubility studies and the X-ray analyses. 


X-Ray Analyses 

The X-ray data obtained on this material compares very favorably with that reported 
in the literature. 

The d values given below were calculated from a, 6, c values given in Katz and 
Rabinowitch (5). 


rABLE I 
Data of Watt et al. (4 Gayer and Thompson 

dus [/[° Pe I/[° deste Index % error 

5.20 1.00 5.22 1.00 5.22 110 0.000 

$38 0.39 $38 0.36 1.37 200 0.23 

3.0¢ 0.51 3.79 0.52 3.80 101 0.26 

3.51 0.55 3.51 0 48 3.50 O11 0.28 
3.25 0.26 3.25 020 0.00 

2.74 0.32 2.76 0.26 2.76 103 

2.65 0.31 2.66 0.26 2.66 013 

1.95 0.32 l 1.96 112 


96 0 26 


Weighed samples of the peroxide prepared in the manner described above and dried 
at 100° were ignited to U;O, and the percentages of uranium were calculated to be 
70.0, 69.8, 69.8. Theoretical percentage of uranium in UO,4-2H:,O = 70.4. 

From the percentage of uranium analyzed for and the X-ray data it can be seen that 
the compound prepared above is UO,:2H,0O. 


THE DATA 


The solubility data for uranium peroxide in acid and base solutions are collected in 


Tables Il to IV. Conclusive results could not be obtained in regard to the reactions 
involved. 


TABLE II 


SOLUBILITY OF UQ,4*2H.O In HCIO, soLuTiIoNs at 25°* 








Moles uranium 





Initial moles 1000 g H.O 
HC1O,/1000 g H,O at equilibrium 
2.3X10™ 2.5X10-3 
7.0107 6.2X10-3 
1.2xX10" 8.6X10° 
1.6X10" 14.0107 
2.0X107 16.0X1073 
2.3107! 19.0X10°3 
2.8X107 21.0X10-3 
4.210" 33 .0X 107% 
5.8X107 45.0X 1073 
8.2xX107 58.0X 1073 





*Each of the above values is actually the average of two experi- 
ments which agreed within 10% or less. 
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rABLE III 








Activity of H* ion Moles uranium 














from pH measurements 1000 g H.O 
at equilibrium at equilibrium Ky 
1.4xX10 4.210" 3.1107 
16X10 5.2xK10-* 3.3 
1.7x10 5.710" 3.4 
2.1X10-? 7.4X10-4 3.4 
2.3X107 8.41074 3.6 
2.6X107 1.01073 3.9 
3.4X10% 1.51073 4.3 
Average K,; = 3.6X10™ 
*Each of the above values is actually the average of two experiments which agreed within 
10% or less 


Equilibria in Acid Solutions 

The fair amount of constancy of the equilibrium constant values and the relatively 
high hydrogen ion concentration at equilibrium suggests the possibility of reaction [1] 
taking place in solutions of perchloric acid concentration up to about 0.03 molal. The 
uranium dissolved, however, is proportional to the [H*].1.37. This ratio cannot simply be 
explained by reaction 
{1] UO;(OH): * XH:0(s) + H+ S UO,H* *XH:0 + H:O 


Ky = Mvoy-xn.0- Yvu0,nt-xn,0/ Mat. Yat = 3.6K 107%. 


One or more competing reactions is probably taking place in the studied acid region. 
Possibly a peptization of the polymerized solid is taking place. 


AF°,; = 1900 cal/mole 
assuming that 


Yvo,Ht-xH;,0/Yunt = 1. 


There is considerable difference of opinion as to the correct formula which should be 
used for uranium peroxide. We have chosen somewhat arbitrarily UO;(OH)2:XH.0 for 
the equation in this work. Actually the reactions could be shown with other formulas, 
since the ratio of H+ or OH™~ to uranium would not be different. 


TABLE IV 
EQuILiBRIA OF UOgXH20O In NaOH soLuTion at 25°* 











Activity of OH™ ion Moles uranium 
Initial moles per 1000 g H.O from pH per 1000 g H,O 
NaOH/1000 g H.O values at equilibrium at equilibrium Ke 

5.4X107? 1.0X10~4 

1.1X10" 1.3X107 1.7X10~4 1.3X107 
1.8x<X107 2.5X10? 2.3xX10-4 0.9xX107 
2.2X10" 2.6X10? 2.5X10-4 0.95 X10? 
2.7X107 2.8X107? 3.1X10~4 1.1107 
3.2X107! 3.2107 3.6X10-4 1.1X10-? 
3.6X107 3.2107? 3.8X10~4 1.210 
7.2X10" 8.2x10-4 


Average K2 = 1.1X107™ 





*Each of the above set of values is actually the average of two experiments which agreed within 10% or less. 
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Equilibria in Basic Solutions 

The fair constancy of the equilibrium constant values suggests the possibility of 
reaction [2] in the concentration region of about 0.05 molal NaOH to 0.7 molal NaOH. 
The rather high equilibrium pH values would also support this contention. The excessive 
quantities of hydroxyl ion consumed per dissolved uranium however, precludes the 
possibility that reaction [2] is the only one taking place in this concentration region. 
Possibly a peptization of the polymerized solid is occurring. The solubility technique 
does not lend itself to distinguishing between competing reactions. 


[2] UO,OH)2XH,O(s) + OH-~ + HUO;- + XH:0 


Ky = Mavo,~ XYuvo;~ "ou X You" = ™uvo;~ Mon~ = 1.110 

AF. = 2700 cal/ mole 
assuming that 

Yuvo;~ You” = lL. 
Water Solubility 
The water solubility of UO,-XNH.O was determined from the average of three separate 

preparations of the oxide. (Each determination was done in duplicate so as to approach 
equilibrium from undersaturation and oversaturation.) Conductivity water was used 
as the solvent. The solubility was found to be 1.5X10~° moles uranium peroxide / 1000 g 
water. 
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PHYSICOCHEMICAL STUDIES OF LIGNINSULPHONATES 


III. PROPERTIES OF FRACTIONS PREPARED BY SUCCESSIVE SULPHONATION OF 
PERIODATE LIGNIN! 


D. A. I. GorInG AND A. REZANOWICH 


ABSTRACT 


Periodate lignin was sulphonated in stages by a series of short bisulphite cooks. At each stage 
the soluble ligninsulphonate was removed and purified, and the residue was resulphonated. 
The 14 fractions thus obtained had constant methoxyl content and ultraviolet absorption 
coefficients. There was a gradual increase in the sulphur content as the integral reaction 
time increased, but 26% of the ligninsulphonate possessed a sulphur content of less than 3%. 
There was a marked i ines rease in both the intrinsic viscosity and rate of solution with increase 
in reaction time. The mechanism of the sulphonation reaction is discussed in the light of these 
results. 


INTRODUCTION 


Many uses of spent wa liquor depend on the colloidal and polymeric properties 
of ligninsulphonate (1, 2, 3, 4, 5). However, information on the size, shape, and con- 
figuration of the molecule is scarce. 

In an earlier paper in this series, Gardon and Mason (6) demonstrated that lignin- 
sulphonates in spent liquor occurred in a wide range of molecular weights (from 4000 
to 60,000). A similar conclusion was reached by McCarthy and co-workers (7), who ob- 
tained fractions of ligninsulphonate having molecular weights from 400 to 130,000. In 
the sulphite process it is possible that the lignin becomes soluble as a uniform monodis- 
perse material. This may be either degraded or condensed during later stages of sul- 
phonation to give the polydispersity observed. It is more likely, however, that lignins 
extracted at various times during the reaction will differ considerably in molecular 
weight. The present work is an attempt to study the properties of soluble lignin- 
sulphonates produced at different stages of sulphonation. 

The problem was simplified by use of periodate lignin prepared by a method similar to 
that of Purves and co-workers (8, 9). Periodate lignin, like protolignin, is insoluble in 
most solvents, and undergoes many of the same reactions (10). The phenyl propane 
chain is probably not broken during periodate oxidation, although some methoxy! is 
lost. As a starting material for physical studies it is probably as suitable as any other 
isolated lignin. 

A kilogram of periodate lignin was prepared from white spruce. A large sample was 
cooked for successive short periods until most of the lignin was dissolved as sulphonate. 
After each stage of sulphonation the liquor and residue were separated. The residue was 
recooked and the soluble sulphonate was isolated from the liquor. The purified fractions 
were characterized by measurement of ultraviolet and visible absorption, methoxy! and 
sulphur content, and intrinsic viscosity. 

A parallel investigation based on the sulphonation of wood was published by McCarthy 
and co-workers (11, 12) when this manuscript was in preparation. The results obtained 
are similar, although the present work is on an isolated lignin and is somewhat more 
detailed. 

‘Manuscript received March 31, 1958. 
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EXPERIMENTAL AND RESULTS 

Periodate Lignin 

A freshly cut, 35-year-old log of white spruce (Picea glauca (Moench) Voss) was reduced 
to a coarse sawdust with a dado circular saw. Six kilograms (dry weight) of the sawdust 
was subjected to cycles of periodate oxidation and alkaline hydrolysis in a 200-1 stainless 
steel vessel at room temperature. The oxidation liquor was 2500 g of Na3;H.IO, dissolved 
in 60 | of distilled water, the pH being kept at 4 with acetic acid. The hydrolysis liquor 
was 100 1 of 0.1 N NaOH. There were usually two or three washings with distilled water 
after each oxidation and hydrolysis. After the final hydrolysis, it was necessary to neutral- 
ize the liquor before washing to reduce the high degree of swelling of the lignin. 

Initially, removal of liquors and wash water was easily achieved with large bacterial 
filter candles. After the third hydrolysis, filtration was ineffective because the filters 
clogged immediately. At this stage the lignin was allowed to settle overnight when ¢ of 
the supernatant liquid could be removed with a siphon. The final washings were at 
pH 5-6. The cake of periodate lignin was frozen and the water removed by freeze-drying. 
The yield on a dry weight basis was 1 kg and represented 64% of the original lignin 
content of the wood. Some analytical data on this preparation of periodate lignin are 
given in Table I. 

TABLE I 


ANALYTICAL DATA ON PERIODATE LIGNIN 








| 


Moisture content = 6% 
Yield from wood (dry weight) = 17.1% 
Ash (dry weight) = 2.4% 
Klason lignin (dry weight; ash-free) = 93.2% 
Carbon (dry weight; ash-free) = 60.89 
Hydrogen (dry weight; ash-free) = 5.91% 
Methoxy! (dry weight; ash-free) = 12.8% 
Sulphur = Nil 

= Nil 


Carbohydrate 





Sulphonation Procedure 

Cooks were made in a stainless steel autoclave of 1200 cc capacity. The autoclave 
(Fig. 1) was designed to permit rapid heating and cooling as well as positive stirring of 
the reacting mixture. The vessel was heated to 130° C in 5 minutes by gas burners on the 




















Fic. 1. Stainless steel autoclave used for sulphonation. 














GORING AND REZANOWICH: LIGNINSULPHONATES 1655 


bottom and sides. It was cooled to room temperature in 5 minutes by being lowered into a 
bucket of water. From the initial application of heat to the moment of lowering the 
vessel into the water, cooks were 30 minutes in duration except for the final two which 
were for 60 minutes each. Temperature was measured with a thermometer immersed 
in paraffin in a stainless steel well in the cover. Constant temperature was maintained 
manually at 130 (+1)° C with a gas burner. 

The reaction mixture was stirred with a motor-driven, twin-scre.. stirrer. The gland 
on the stirrer was a carbon disk against which a steel disk rotated, the sealing pressure 
being supplied by the SO, in the liquor. At first it was impossible to retain a constant 
concentration of SO, because of slight leakage past the gland. Accordingly, an SO, 
cylinder at 55°C was connected to the autoclave and constant pressure of SO» was 
maintained manually at 115 (+5) p.s.i-g. 

The initial sample of periodate lignin, ground to pass 150 mesh, weighed 43 g. The 
lignin was mixed with 500 cc of distilled water, de-aerated thoroughly by successive 
evacuation, and soaked overnight. For sulphonation, 500 cc of sodium base acid was 
added which produced a final concentration of 1% Na and 6% total SO.. Accurate 
control of the initial concentration of SO: was unnecessary, since the pressure was 
adjusted in the autoclave at the start of the reaction. 

After each sulphonation, the reaction mixture was centrifuged. The insoluble lignin 
residue was washed with distilled water and recentrifuged, the washings being added to 
the centrifuged liquor. The residue was then washed into the autoclave with 500 g of 
distilled water, the liquor was added, and the cook repeated. 


Purification 

The object of the purification procedure was to secure a neutral sodium ligninsulphonate 
free from both insoluble debris and excess inorganic ions. The method finally adopted was 
evolved by trial and error in preliminary experiments. 

Cations and anions were removed with the ion-exchange resins Dowex 50-X12 (50-100 
mesh) and Dowex 1-X10 (50-100 mesh) respectively.* The centrifuged liquor was 
stirred with 400 g of regenerated Dowex 50. This treatment removed 90% of the sodium 
present. The liquor was then evaporated from 1500 cc to 50-100 ce in a rotary vacuum 
evaporator at 45° C, deionized on columns, neutralized with NaOH to pH 7, and freeze- 
dried. With some of the later fractions it was necessary to centrifuge at 25,000 g after 
passage through the columns to remove finely dispersed debris. 

Fourteen successive sulphonations were made over a period of 8 hours. Cooking time 
was 30 minutes for fractions S-1 to S-12 and 1 hour for the final two which are designated 
fractions S-14 and S-16. The residue after the final reaction was 2.7% of the origin: aul 
weight of the lignin. The total recovery on an ash and sulphur-free basis was 86° 

The rate of solution, R, for each fraction was computed from 


[1] R = wt. of fraction (sulphur-free basis) /time of cooking interval. 


*In preliminary tests with a purified commercial ligninsulphonate, the columns were found to absorb less than 
2% of the lignin based on optical density in the ultraviolet. However, after many of the measurements described 
later were made, it was found that repassage through the columns removed about 10% by weight of the lignin- 
sulphonate. The sulphur content of the re-ton-exchanged material was virtually unc heneed, while the methox yl 
content increased by 0.6%. Evidently, material low in methoxyl was being absorbed by the columns. Experiments 
showed that it was sleotted mostly by the anion-exchange column (Dowex 1-X10) and that it could not be re- 
moved by the customary regeneration with 4% of NaOH. It was unlikely that the absorbed material was an 
imorganic — containing anion because the sulphur content of the re-ion-exchanged fraction would then 
decrease. No other type of inorganic anion was introduced during the cooking and purification, and as shown 
in Table I the ash content of the periodate lignin was relatively low. No correction was made in the original data, 
except in the fase of the second fraction in which 33% by weight was absorbed and the methoxyl content in- 
creased from 7.6% to 11.2%. 
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As shown in Fig. 2, the rate of solution showed a maximum after 4 hours’ cooking. 
Such a maximum is in fair agreement with other studies on sulphonation. The dotted 
line in Fig. 2 shows some previous data (13) obtained on a different batch of periodate 
lignin. For this series, reactions were done in sealed glass bombs at 130° C with a bi- 
sulphite solution containing 6% total SOz and 1% Mg**. Here the SO, content decreased 
as the sulphonation proceeded, which is probably the cause of the slower rate of solu- 
bilization. In general, however, this curve shows the same trends as those obtained in 
the present study. 

The fractional rate of solution, Rr, was calculated from 


{2] Ry = R/wt. of material cooked. 


In Fig. 3 the fractional rate of solution is plotted together with intrinsic viscosity 
' 


against cooking time. 
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Fic. 2. Rate of solution at various stages of the sulphonation. The dotted line shows similar data from 
previous experiments. The abscissa units represent half-hourly and hourly intervals in the present and 
previous series respectively. 

Fic. 3. Correlation of Re and [ny] throughout the reaction. 

Sulphur Content 

Sulphur analyses were made with a Leco apparatus and the results are shown in Fig. 4. 
Mean error in triplicate determinations was +2.6°%. In previous experiments results 
with the Leco agreed within +3°% with gravimetric determinations as BaSQ,. 

Apart from some irregularities in early fractions, there is a gradual rise in sulphur 
content as the cook proceeds. Some of the early fractions are soluble at a relatively low 
content of sulphur. 

Sulphonation increases the weight of the lignin due to the replacement of —OH by 

SO;Na groups. Therefore values of yields, methoxy! content, and light absorption were 
adjusted to be based on the weight of unsulphonated lignin. 


GOR 


SULPHUR CONTENT (%) 
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Fic. 4. Sulphur content of fractions at various stages. The dotted line shows similar data from previous 
experiments. The abscissa units represent half-hourly and hourly intervals in the present and previous 


series respectively. 


Methoxyl Content 


The methoxyl content was measured by TAPPI Standard Method 2M43. The mean 


error in duplicate determinations was +1% 
and lies between 10 and 12%. 


is fairly constant (+5%) 


METHOXYL CONTENT AND ULTRAVIOLET ABSORPTION OF FRACTIONS 


TABLE II 








Fractio 


n OCH; (%) €2800 





€2050 
S-1 10.4 12.5 92.9 
S-2 11.2 14.2 88.9 
S-3 9.9 12.1 7.7 
S-4 11.3 13.4 101.9 
S-5 10.7 13.5 99.2 
S-6 11.1 13.8 99.0 
S-7 11.4 15.5 107.4 
S-8 11.9 14.5 109.1 
Ss-9 | ee 14.8 102.7 
S-10 11.5 14.5 101.8 
S-11 11.3 13.6 104.1 
S-12 10.4 13.5 100.4 
S-14 11.4 14.4 97.5 
S-16 9.6 12.9 108.5 





Light Absorption 


. As shown in Table II the methoxyl content 


Optical densities were measured in the visible and the ultraviolet with a Beckman DU 
spectrophotometer using l-cm quartz cells. Measurements were made in duplicate at 


wavelengths of 5000 A, 2800 A, and 2050 A with concentrations of 0.2, 0.002, 
The solvent was 0.1 M NaCl. 
Absorption was expressed in terms of the coefficient « given by 


0.001 g di- respectively. 


[3] 


where 





= D/L, 


D = optical density, 
c¢ = concentration, 
L = length of cell. 


and 
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As shown in Table II the ¢ values for wavelengths of 2050 A and 2800 A are fairly 
constant. Mean €2059 = 100.1 (45%) cm™ 1 g— and mean e€2390 = 13.8 (45% \em~" 
1 g-!. A similar constancy of ultraviolet absorption has been reported by McCarthy and 
co-workers (7). In the visible absorption at 5000 A (Fig. 5) a pronounced maximum is 
noted after 3 hours’ cooking, followed by a minimum and then a gradual increase in e. 


Intrinsic Viscosity 

Viscosity was measured in Ubbelohde viscometers of the type described by Craig and 
Henderson (14). The dimensions were modified slightly to permit mounting in a Townson 
and Mercer water bath. Relative temperature changes were held to +0.005° C about 
the actual temperature of 25+0.05° C. The solvent was 0.1 Af NaCl. Concentrations 
ranged from 1.5 to 0.2 g dl". 

The intrinsic viscosity, [n], was obtained as usual by linear extrapolation of mp/c vs. ¢ 
to zero concentration (Fig. 6). 

The intrinsic viscosities of the fractions are shown in Fig. 3. There is a marked increase 
in [y] with time of cooking up to about 4 hours, after which [yn] decreases but with another 
maximum at 6 hours. The correlation between [n] and Rp will be discussed later. 
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Fic. 5. Light absorption coefficient at 5000 A at various stages. 
FiG. 6. nsp/c vs. ¢ for some of the fractions: lines 1, 6, 9 etc., correspond to fractions S-1, S-6, S-9 ete. 


DISCUSSION 
As shown in Fig. 4 the sulphur content of the fractions increased with time of sul- 
phonation. The curve suggests a lower rate of sulphonation in the later stages of the re- 
action in agreement with the results of others (15, 16). It is interesting to note that 26% 


( 


of the ligninsulphonate possessed a sulphur content of less than 3°%, which is generally 


regarded as the minimum required for solubility (17). 
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For comparison, the variation of sulphur content of soluble fractions with reaction 
time, obtained in a previous study (13), is given as the dotted line in Fig. 4. In this 
case the solubilized lignin was not separated from the reaction mixture but was reacted 
with the bisulphite solution for the full time of each cook. Both sets of data show an 
increase of sulphur content with time, but a higher degree of sulphonation of soluble 
fractions was obtained in the previous series. Rezanowich et a/. (16) found that if the 
soluble and insoluble fractions from the same cook were recooked, the soluble portion 
was sulphonated to a higher degree than the insoluble portion. This is probably the 
reason why sulphur contents were higher in the previous results. 

Comparison of the two series of data suggest that (a) some fractions are solubilized 
at fairly low sulphur contents (< 3°%) and (b) an appreciable portion of the sulphonation 
reaction occurs with the ligninsulphonate after it has been rendered soluble. 

For all fractions, the ratio of €2300 (em | g~') to methoxyl content (%) was 1.26 
(+3%), which is in good agreement with the value 1.30 (+2%) derived for the first 
seven fractions of Gardon and Mason (6). These authors observed a marked increase of 
ultraviolet absorption and methoxyl content with molecular we'ght. In the present 
work, both €2s09 and methoxy! content remained constant to +5% over a wide range of 
[n| and therefore molecular weight. McCarthy and co-workers (11, 18, 19) have also 
found ¢€2s00 constant for fractions prepared from non-dialyzable ligninsulphonate by 
precipitation with ethanol. This contradiction is probably due to a considerable portion 
of low methoxy! material in the low molecular weight samples of Gardon and Mason. On 
passing Gardon and Mason’s fractions 7 and 8 through the ion-exchange columns, 
42% and 70% respectively by weight was lost; methoxyl contents increased respectively 
from 3.3% and 2.1% to 6.9% and 6.7%. As mentioned earlier, considerably smaller 
increases in methoxyl content were noted after re-ion exchange of some of the fractions 
prepared for the present investigation. 

From Table II, €2050/€2s00 was 7.26 (+5%) for all fractions. This result supports €2050 
as a measure of lignin concentration as recommended by Kleinert and Joyce (20). 
In contrast to the constancy of €2050 and €2s90, absorption in the visible showed a pro- 
nounced maximum after 3 hours’ cooking (Fig. 5). In a previous experiment (21) (not 
reported here in detail) it was found that prolonged cooking (24 hours) of an. already 
sulphonated lignin increased €s000 by a factor of 2 while €2s9 was essentially unchanged. 
Thus greater visible absorption would be expected in fractions isolated at the end of the 
reaction; the increase observed after 4 hours is probably due to this effect. However, the 
initial maximum in €s000 suggests that greater visible absorption is characteristic of 
certain fractions of lignin. Fractions S-5, S-6, and S-7 which give rise to the maximum 
represented 28% of the material solubilized. 

The initial increase in [y] with fraction number (Fig. 3) indicates a marked increase in 
molecular weight as the lignin is made soluble. McCarthy and co-workers (11) have 
observed a similar increase in molecular weight for lignin sulphonates from spruce and 
hemlock. The maximum value of [ny] is 0.34 g~! dl in fraction S-9 compared with the 
value of 0.075 g—! dl for the highest molecular weight sample of Gardon and Mason (6). 
Based on the osmotic molecular weights of Gardon and Mason, the molecular weight of 
fraction S-9 is 250,000. On this basis, 57% of the material solubilized has a molecular 
weight of over 100,000. These values are somewhat higher than those found by other 
workers. McCarthy and co-workers (7) quote molecular weights up to 150,000 with 
about 2% of the lignin above 100,000. The highest value found by Gardon and Mason 
(6) was 58,000, although the integral distribution indicated values up to 100,000. A 
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possible reason for the higher molecular weights in the present series was that the lignin, 
once extracted, was not then subjected to further prolonged sulphonation. In an earlier 
experiment (21) it was noted that [n| fell from 0.10 to 0.04 on resulphonating a lightly 
cooked ligninsulphonate. Felicetta and McCarthy (12) have demonstrated a similar 
degradation on prolonged cooking of non-dialyzable ligninsulphonates. Thus it is fairly 
certain that the soluble lignin is further degraded by the reaction as sulphonation pro- 
ceeds. The present work indicates that relatively high molecular weights are obtained 
when the lignin is removed as soon as it is solubilized. 

The correlation between the fractional rate of solution and [yn] (Fig. 3) lends support 
to the peptization theory of sulphonation proposed by Calhoun, Yorston, and Maass (22) 
The trends in Fig. 3 suggest that the rate at which lignin is made soluble depends on the 
molecular weight of the material solubilized. The initial increase in [ny] and Re between 
fractions S-2 and S-9 is accompanied by an increase in the sulphur content (Fig. 4). If 
condensation reactions are neglected or assumed to occur rapidly, a sulphite cook may be 
regarded as a simultaneous sulphonation and hydrolysis of the insoluble lignin network. 
Fragments of lignin produced by the hydrolysis will become soluble as the sulphonation 
proceeds. The size of a solubilized fragment will be a function of its sulphur content 
because the lignin only becomes soluble when it acquires hydrophilic sulphonate groups. 
Thus, as the sulphur content increases, larger and larger fragments produced by the 
hydrolysis become soluble. The rate of solution thereby increases also. 

The decrease in Re and [n] after fraction S-9, in spite of an increase in sulphur content, 
may be due to the presence of a more cross-linked lignin for which more extensive chain 
scission would be necessary to set fragments free. Also a more cross-linked molecule 
would have a lower viscosity for a given molecular weight and would be less soluble 
for a given sulphur content. If this explanation is correct, fractions of similar molecular 
weight from early and late in the cook should show clearly defined differences in molecular 
configuration. Light-scattering and viscometric experiments are now being carried out 
to investigate this possibility. 

It is interesting to note that, in spite of the extremely fine subdivision of the iignin 
(150 mesh) and the vigorous stirring during the reaction, the rate of delignification is 
similar to that for the commercial cooking of wood chips. This suggests that diffusion 
processes have no gross effect on the rate of solution, although the rate at which the 
dissolved lignin diffuses out of the chip into the liquor is paneer affected by the molecu- 
lar weight of the ligninsulphonate. 
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VOLTAIC CELLS IN FUSED SALTS 
PART V. THE SYSTEMS Sn/SnCl, (KCI-NaC)), Fe/FeCl, (KCl-NaCl), and Mn/MnCl, (KCI-NaCl)! 


S. N. FLENGAS AND T. R. INGRAHAM 


ABSTRACT 

Using a Ag/AgCl (KCI-NaCl) reference electrode, the standard electrode potentials of the 
systems Sn/SnCls (KCI-NaCl), Fe/FeCl. (KCI-NaCl), and Mn/MnCl, (KCI-NaCl) were 
determined at 700° C and found to be 0.370 v, 0.520 v, and 1.205 v respectively. In each of 
the systems the Nernst equation was found to be applicable over the range of concentrations 
investigated. 

rhe effect of temperature on the electromotive forces of the above cells was measured and 
the heats of the cell reactions were calculated from the data. 


INTRODUCTION 

In previous publications in this series (1, 2, 3, 4) standard potentials for several electrode 
systems in fused salts were reported. To determine the potentials, a silver — silver chloride 
electrode was used as a null point reference electrode, and an equimolar mixture of sodium 
and potassium chlorides was used as the solvent for the metallic salts. 

In this investigation, the method was applied to the systems tin — stannous chloride, 
iron — ferrous chloride, and manganese — manganous chloride. These metal chlorides were 
found to give stable solutions in the alkali chloride — molten salt solvent. 


PREPARATION OF MATERIALS 

Because the anhydrous metallic salts required in this work were not commercially 
available, it was necessary to prepare them. 

Anhydrous stannous (II) chloride was prepared from the corresponding hydrated salt 
of analytical grade by heating in a tubular electric furnace at 250° C under a continuous 
stream of dried gaseous HCI, produced by the action of concentrated H.SO, on con- 
centrated HCI. 

Anhydrous ferrous (II) chloride was prepared from National Bureau of Standards 
certified iron filings by dissolution in concentrated HCl, and recovery of the hydrated 
ferrous salt by crystallization under an oxygen-free argon cover. The product was 
filtered under argon and washed with ether. Finally, the light-green hydrated ferrous 
chloride was dried by heating at 500° C in a stream of dry HCI. In the preparations of 
stannous chloride and of ferrous chloride, argon was used to flush the apparatus at the 
beginning and the end of the drying process. The dry divalent chlorides were stable in 
air and were pelletized without requiring any precautions against oxidation. 

Anhydrous manganous (II) chloride was prepared from the corresponding hydrated 
salt of analytical grade, by heating at 600° C in the presence of a carbon tetrachloride 
vapor stream which was produced by flash distillation. 

The anhydrous salts prepared by the foregoing methods were analyzed and found to 
be of a purity in excess of 99°%. The impurity in each of the chlorides was the corre- 
sponding metal oxide. 

Very pure (99.99° 7) tin was used as the liquid indicator electrode in the Sn—Ag voltaic 
cell. A $-in. diameter rod of very pure electrolytic iron (99.99°%) was used as the indicator 

1 Manuseript receivee July 28, 1958. 
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electrode in the Fe—Ag voltaic cell. The manganese metal indicator electrode for the 
Mn-—Ag voltaic cell was prepared from pure electrolytic manganese metal (99.9% >) which 
was remelted and cast into a cylindrical form. The casting was done in a water-cooled 
arc furnace, operated under reduced argon gas pressure. Platinum wire or tungsten 
wire was used as the indicator electrode connection to the potentiometer. 


EXPERIMENTAL 
The experimental technique and the apparatus used to study the tin, iron, and man- 
ganese systems were the same as in the previous experiments (3, 4) with solid and liquid 
metal indicator electrodes and cells under inert gas cover. 
The experimental cells were of the type, 


M | MCI, (x2) Asbestos || AgCl (x:) | Ag 
(—) | KCI-NaCl (1/1 mole) fiber KCl-NaCl (1/1 mole) (+) 
(indicator electrode) (reference electrode) 


where M was respectively tin (pool of liquid metal), iron, and manganese metal, and 
MCl, was respectively SnCls, FeCl., and MnCl, at a mole fraction x.. The reaction in 
cells of this type is: 

(1) M + 2Ag+ = M* + 2Ag, 


The relationship between the electromotive force and the metal ion concentration in 
the cell is given by the Nernst equation in the form: 


{2] Eee = (Eo ug ya2* — Eo pg sag+) = (2.303R Z, 2F )log (xs '¢:?) 


where E°yg;2* and E°ag/ag+ are respectively the standard electrode potential of the 
half-cells Sn/SnCls, Fe/FeCl. or Mn/MnCl., and Ag/AgCl under the conditions of the 
experiments. 

It will be observed that in equation [2] mole fractions are used instead of activities. 
The simplification is justified, as will be shown by the subsequent data, only when the 
activity coefficients or the complexity constants of the species involved in the cell 
reaction, or both, remain constant over the concentration range investigated. Thus, 
standard potentials calculated from equation [2] will include the effects due to both 
activities and complex formation. 

From equation [2] it follows that when log(x2/x,°) is equal to zero, the cell potential 
is the difference in the standard electrode potentials of the system. 


RESULTS 


The electromotive forces of the Sn—Ag, Fe-Ag, and Mn—Ag voltaic cells were measured 
first as a function of the metal ion concentration and then as a function of temperature. 

The results of the experiments in which the concentration of the metal ion was varied 
at constant temperature are given in Table I. A 15 mv correction has been included 
for thermoelectric effects in the Sn—Ag cell and 9 mv in the Fe—Ag cell. No correction 
was required in the Mn-—Ag cell. 

When the electromotive forces of the cells were plotted against the term log(x2/x,°*), 
as calculated from the data given in Table I, the results were well represented by straight 
lines as shown in Figs. 1 and 2. The slopes of the experimental lines for Sn—Ag, Fe—Ag, 
and Mn-—Ag systems agree well with the theoretical value for a two-electron electrode 
process as calculated from equation [2] (0.096, 0.095, and 0.097 as compared with 
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rABLE I 


ELECTROMOTIVE FORCES OF VOLTAIC CELLS AT CONSTANT TEMPER- 
ATURE AS A FUNCTION OF THE METAL ION CONCENTRATION AT THE 
INDICATOR ELECTRODE 









































(a) Sn SnCl. (x2) 1} AgCl (x,) Ag 
(—) | KCI-NaCl (1/lmole ) || KCI-NaCl (1/1 mole) (+) 
Mole fraction Mole fraction Eeeit 
of AgCl (x1) of SnCl, (x2) Ee (volts) 
6.235107? 6.322 10-4 680 0.453 
6.235 X 107 1.433 x 1073 680 0.418 
6.23510? 2.251 X 10-3 680 0.397 
6.235 K 1072 4.606 X 1075 680 0.366 
6.235 XK 107? 7.585 X< 10-3 680 0.342 
6.235 <X 10-2 1.254107 680 0.323 

(b) Fe FeCl, (x2) AgCl (x,) Ag 
(—) | KCI-NaCl (1/1 mole) |} KCI-NaCl (1/1 mole) | (+) 
Mole fraction Mole fraction Eceit 
of AgCl (x;) of FeCle (x2) gs es (volts) 
6.235 xX 107? 8.853 107+ 695 0.582 
6.235 XK 1072 2.122X10-3 695 0.546 © 
6.23510? 3.771 XK10-3 695 0.523 
6.235 10-2 7.541 10-3 695 0.491 
6.235 X 107? 1.385 X 107? 695 0.467 

(c) Mn | MnCl, (x2) \| AgCl (x,) | Ag 
(—) | KCIl-NaCl (1/1 mole) || KCI-NaCl (1/1 mole) (+ 
Mole fraction Mole fraction Een 
of AgCl (x;) of MnCl, (x2) Et (volts) 
6.235 x 107? 5.867 X10™4 680 1.284 
6.235 xX 107? 1.391 10-3 680 1.249 
6.235 Kk 107? 2.566 X 107% 680 1.226 
6.235 X 107? 4.779X<10"3 680 1.200 
6.235 X 107? 1.087 X 1072 680 1.116 


the theoretical value of 0.096). In addition, the linearity of the curves in Fig. 1 shows 
that the activity coefficients or the complexity constants of the species involved in the 
cell reaction remain constant over the range of concentrations investigated. 

The experimental standard electrode potentials for the tin, iron, and manganese 
systems, as obtained from interpolation at log(x2./x.°2) = 0 on the curves in Fig. 1, are 
given in Table II. In addition, Table II also includes, for comparison, calculated (5) 
values for the standard potentials of the cell reactions in the absence of solvent. 

It should be noted that all potential measurements shown above are equilibrium 
values. Equilibrium was attained in a few minutes after each change in the metal salt 


TABLE II 
SUMMARY OF RESULTS 





Indicator Cell reaction in Standard potential Exptl.* Calc.t 





electrode molten KCI-NaCl ,° for: (volts) (volts) 
Sn, Sn** Sn + 2AgCl = SnCl, + 2Ag 700 FE’ sa/sn* — E°ag/ag* 0.370 0.405 
Fe, Fe** Fe + 2AgCl = FeCl. + 2Ag 700 EF’ vesFe**— E°agsag* 0.520 0.305 
Mn, Mn** Mn + 2AgCl = MnCl, + 2Ag 700 Fo Mnsmant*+—E°agsag* 1.205 1.010 





*Experimental values corrected to refer to a temperature of 700° C. 
tPotentials calculated from thermodynamic data on the pure salts in the absence of any solvent. 
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Fic. 1. Electromotive forces of the cells 
M MCl, (x2) AgCl (x) Ag 
(—) | KClI-NaCl (1/1 mole) KClI-NaCl (1/1 mole) (+) 


as a function of log(x2/x.?), at constant temperature. M is (a) tin, (0) iron, and (c) manganese. MCI, is 
respectively SnCl2, FeCl., and MnCl. 


concentration. The potential was very steady and remained practically unchanged when 
the cells were left overnight. 

The effect of temperature change on the electromotive forces of the tin, iron, and 
manganese cells was investigated next. The results of these experiments are given in 
Table III. The voltages have been corrected for thermoelectric effects. Also included 
in Table III are values for the standard potentials at different temperatures, calculated 
from the data, using equation [2]. 

From the standard pc tentials, using the procedure previously described (1, 2, 3, 4), it 
was possible to calculate for various temperatures the equilibrium constants (A) for 
the cell reactions given in Table II. The results of these calculations are given in Fig. 2, 
where log K was plotted against the reciprocal of absolute temperature. The curves are 
linear over the range of temperature investigated. The best straight lines were calculated 
by applying the least squares method. 

The heat of reactions (AH,) in cells of this type, as calculated according to the van’t 
Hoff equation, is the difference between the heats of formation of the respective 
chlorides in the presence of the solvent. 

The calculated values are: 


AH sn/sn++) = —23.4+1.0 kcal/mole, 


AH yiresre++) = —27.8+1.4 kcal/mole, 
AH mn smn++) —61.8+1.5 kcal/mole. 
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rABLE III 


36, 1958 


EFFECT OF TEMPERATURE ON THE ELECTROMOTIVE FORCES OF THE CELLS 
































a) Sn SnCle (x2 = 3.93 1073 AgCl (x, = 6.235 X 107 Ag 
~ KCI-NaCl (1/1 mole KCI-NaCl (1/1 mole . 
Ece1 E Sna/Sn** —E Ag/Ag” 
i. volts volts 
On heating 
946 0.3771 0.3768 
996 0. 3686 0.3686 
1053 0.3600 0.3597 
1100 0.3470 0.3467 
On ce voling 
1057 0.3598 0.3596 
990 0.3710 0.3707 
949 0.3779 0.3776 
(6) Fe | FeCl (x2 = 3.771107) AgCl (x; = 6.235 K 107?) Ag 
(—) | KCIl-NaCl (1/1 mole) KCI-NaCl (1/1 mole) (+ 
Ecett EF’ Fe/Fe ** — E*agsag* 
i, (volts) volts) 
On heating 
968 0.5231 0.5210 
1018 0.5199 0.5177 
1065 0.5154 0.5131 
1106 0.5073 0.5049 
1131 0.5047 0.5022 
1159 0.5010 0.4985 
On cooling 
1091 0.5147 0.5123 
1065 0.5162 0.5139 
1033 0.5213 0.5130 
O81 0.5280 0.5258 
954 0.5299 0.5278 
c) Mn MnCl, (x2 = 4.779X 10-3) |} AgCl (x, = 6.235 x 107) Ag 
(—) | KCl-NaCl (1/1 mole) i} KCI-NaCl (1/1 mole) | (+) 
Eceit FE’ Mnjn* + — E°ag/ag* 
; = (volts) volts) 
On heating 
943 1.204 1.211 
953 1.200 1.208 
1005 1.193 1.201 
1056 1.186 1.194 
1122 1.172 1.181 
1153 1.168 1.177 
On cooling 
1133 1.170 1.179 
1057 1.184 1.192 
1037 1.188 1.196 
1016 1.193 1.201 
995 1.196 1.204 
983 1.200 1.208 





Following the same procedure, and with the same reservations, as cited previously 
(1, 2, 3, 4), dissociation constants of complexes of SnCl., FeCl, or MnCle, respectively, 





in the molten salt solvent, have been calculated as follows: 


nm a? 


= 4.0, 
5.9X 10%, 
9.61 X 107%. 


Kaisacr: complex) 
Kacrec complex) = 


K d(MnClz complex) 
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Fic. 2. The variation of log K with the reciprocal of absolute temperature for the systems: 


(a) Sn SnCl, (x2 = 3.93 & 1073) || AgCl (x, = 6.235 X 107) | Ag 

— KCI-NaCl (1/1 mole || KClI-NaCl (1/1 mole) | (+ 
AH = —23.4+1.0 kcal. 

b) Fe FeCl, 3.7471 X 107%) | gCl (x; = 6.235107 Ag 

(— KCl NaCl 1 mole) REL NaCl (1 yong +) 
AH = —27.8+1.4 kcal. 

(c) Mn MnClz (x2 = 4.779X107%) || AgCl (x1 = 6.235 X 107) | Ag 

—) KCI-NaCl (1/1 mole i} KClI-NaCl (1/1 mole) | +) 


AH = —61.8+1.5 kcal. 


with increasing temperature, @ with decreasing temperature. 


It is of interest to note that both the iron and manganese complexes in the melt are 
substantially more stable than that formed by tin. 
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PHOTOOXIDATION OF BUTENES BY NITROGEN DIOXIDE 
AT DIFFERENT WAVE LENGTHS! 


S. Sato? AND R. J. CvETANOovi¢ 


\BSTRACT 

Photooxidation of butenes by nitrogen dioxide at room temperature has been studied at 
three different wave lengths: 2288, 2537, and 3261 A. In the case of butene-1 an abrupt change 
in the ratios of reaction products is observed between 2537 and 2288 A: about three times as 
much a-butene oxide as n-butyraldehyde is formed at 2288 A, while the amounts of these two 
compounds are almost equal at the longer wave lengths. This discontinuity is ascribed to a 
difference in the mechanism of reaction with olefinic double bonds of the tirst excited state, 
OCD), and the ground state, OP), of oxygen atoms. Experimental evidence indicates that 
there is collisional quenching of OCD) to O@P) atoms. 

Reactions of cts- and trams-butene-2 and of isobutene are much less reproducible, particularly 
so that of isobutene, because of the much more readily occurring thermal reaction of the 
excess nitrogen dioxide present with the epoxides initially formed. 





INTRODUCTION 

The main features of the reactions between oxygen atoms and olefins have been recently 
established (1). Mercury-photosensitized decomposition of nitrous oxide was used as 
the source of oxygen atoms, which were believed to be produced in their ground electronic 
state. In connection with this work, a study was also made of the reactions of butene-1 
and isobutene with oxygen atoms formed by photolysis of nitrogen dioxide at 3660 A (2). 
At this wave length there is insufficient energy to produce electronically excited oxygen 
atoms and the general similarity of the two processes was taken as further evidence 
that ground state oxygen atoms were formed in the mercury-photosensitized decom- 
position of nitrous oxide. 

It was thought of interest to attempt to study the behavior in similar reactions of the 
oxygen atoms in their first excited state, O 'D, by photolyzing nitrogen dioxide at shorter 
wave lengths. It is believed (3) that at the wave lengths longer than 2450 A, oxygen 
atoms are produced in this process in the ground state and at suitable wave lengths 
shorter than 2450 A, in the first excited state. The long wave length threshold for this 
photolysis has been found to lie between 4047 and 4358 A (4). The energy difference 
between 2450 and 4047 A is 46.0 kcal/mole, which agrees with the energy difference 
between *P and 'D states of oxygen atoms (45.2 kcal/mole). 

In the present work a comparative study has been made of the photooxidation of 
butenes by nitrogen dioxide at 2288 and 3261 A, obtained from a cadmium resonance 
lamp, and at 2537 A, from a mercury resonance lamp. It would appear from the results 
obtained with butene-1 that the difference in multiplicity between *P and 'D states of 
oxygen atoms leads to two distinct mechanisms of their interactions with olefinic double 
bonds. The usefulness of the reactions of the other butenes in this respect was, unfor- 
tunately, greatly reduced because of the considerably greater reactivity of the epoxide 
formed with excess nitrogen dioxide present and consequent poor reproducibility of the 
experimental results. 

EXPERIMENTAL 

Apparatus and experimental procedure used in the present work, as well as the method 
of purification of nitrogen dioxide, butene-1, isobutene, and cis- and trans-butene-2 
(Phillips reagent grade products), were the same as described previously (2). 

‘Manuscript received August 15, 1958. 
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A chlorine filter was used to isolate the resonance line of 2288 A from a cadmium 
lamp operated at 280+5° C. The emission spectrum, taken with medium quartz Hilger 
spectrograph, showed that the resonance line at 2288 A was completely isolated from the 
stronger resonance line at 3261 A. A very weak line at 2537 A was observed, probably 
owing to a trace of mercury taken into the lamp along with cadmium. The intensity of 
this mercury resonance line, however, was negligible compared to the intensity of the 
line at 2288 A. The light of 3261 A was obtained from the same cadmium lamp by using 
a 7-54 Corning glass filter. The light of 2537 A was obtained from a low pressure mercury 
resonance lamp sal using again a 7-54 Corning glass filter. 

Light intensities at the three wave lengths were adjusted by varying the distances 
of the light sources from the reaction cell and the diameters of the circular light apertures 
so that almost the same amounts of total reaction products were obtained. The amounts 
of products were estimated from the gas-liquid chromatography peak areas (2). 

A few experiments were carried out in an attempt to measure directly the relative 
intensities of the light absorbed by nitrogen dioxide at the three wave lengths. The 
light intensities were so weak that the following technique had to be applied. A very 
small amount (1 umole) of nitrogen dioxide and the same amount of butene-1 were 
taken into the reaction cell and the intensity of transmitted light was followed by means 
of a photoelectric circuit. Under these conditions the consumption of nitrogen dioxide 
after 2-hour irradiation was essentially the same at 2288 and 3261 A (36 and 34%, 
respectively). The low pressure mercury lamp was not stable enough for this type of 
measurement. 


RESULTS AND DISCUSSION 
Photooxidation of Butene-1 
Mixtures of 30 mm butene-1 and 3 mm nitrogen dioxide were photolyzed at different 
wave lengths for 2 hours. The absolute amounts of products formed were not too re- 
producible and for this reason their ratios are shown in Fig. 1, where the amount of 
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Fic. 1. Relative amounts of products (m-butyraldehyde taken as unity) in the photooxidation of butene-1 
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n-butyraldehyde is taken as unity.* The ratios were found to be well reproducible. The 
absolute amount of n-butyraldehyde decreased with decreasing wave length and at 


2288 A was approximately about half as great as at 3261 A. 

In Fig. 1, a discontinuity is observed between the wave lengths of 2537 
at 2288 A the 
while these amounts are almost equal at longer wave lengths. 


A and 2288 A; 
amount of a-butene oxide is about three times as great as that of butanal, 
The amount of methyl 
ethyl ketone gradually increases with decreasing wave length from 4047 A to 2537 A, but 
at 2288 A it shows a marked decrease. The curves for ethyl nitrate, propanal, and acetal- 
dehyde ascend monotonously with decreasing wave length. These last three compounds 
are secondary reaction products, while a-butene oxide, butanal, and methyl ethyl ketone 
are the primary addition products. These results, therefore, suggest that the mechanism 
of addition of oxygen atoms to butene-1 changes between 2288 A and 2537 A. In as much 
as this conclusion is correct, it can be explained by the difference in the electronic structure 
of oxygen atoms at the two wave lengths. The continuously increasing amounts of the 


secondary products, ethyl nitrate, propanal, and acetaldehyde, are, on the other hand, 
explainable in terms of the increasing amounts of energy with Goceeasing wave lengths. 

The pressure dependence of photooxidation of 3 mm butene-1 by 3 mm nitrogen dioxide 
with various pare of nitrogen added has been studied at 2288 A and the results are 
shown in Fig. 2. Although there is a certain amount of scatter of the points, the pressure 
dependence in Se. 2 is evidently quite different from that observed previously in the 
photooxidation of butene-1 at 3660 A (Fig. 3a of ref. 2). With increasing total pressure, 
the amounts of butanal and methyl ethy! ketone 


show a slight increase, and the secondary products, propanal, ethyl nitrate, and acetal- 


the amount of a-butene oxide decreases, 


dehyde, rapidly decrease. As the total pressure is increased, the ratios of all the products 
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Fic. 2. 


of total pressure (3 mm butene-1, 


*The data at 4047 A were taken from the previous work (4). The total amount of products was approximately 


equal to that obtained at the other three wave lengths. 
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amounts of secondary products is compatible with an increased dissipation of energy by 
collisions at higher pressures. The trends of the addition products, on the other hand, 
suggest the simultaneous occurrence of the quenching reaction 


OD) + M ~O@P) + M. {1} 


Photooxidation of Isobutene 

Experiments similar to those described for butene-1 have been carried out also with 
isobutene. As already reported (2), isobutene oxide, which is one of the main products 
of addition of oxygen atoms to isobutene, was absent because of its rapid thermal reaction 
with nitrogen dioxide. Moreover, this reaction seemed to be the cause of poor repro- 
ducibility. In the case of isobutene, therefore, no significant results were obtained except 
that with decreasing wave length there was a very pronounced increase in the amount 
of acetone formed, which became equal to that of isobutyraldehyde at 2288 A. The 
mechanism of formation of acetone in the case of isobutene is believed to be analogous 
to that of propanal in the case of butene-1. 


Photooxidation of cis- and trans-Butene-2 

The experimental results with cis- and trans-butene-2 are less reproducible than those 
with butene-1 but are better than those with isobutene. This is probably because 8-butene 
oxide, one of the main products in the case of butene-2, reacts with nitrogen dioxide at a 
rate intermediate between those of a-butene oxide and isobutene oxide (5). 

The results are summarized in Table I where relative amounts of products are given 
with methyl ethyl ketone taken as unity. The absolute amount of methyl ethyl ketone 
appears to increase on passing from longer to the shorter wave lengths, at least in the case of 
trans-butene-2. In these reactions four main addition products are known (1) to be formed: 
cis- and trans-8-butene oxide, methyl ethyl ketone, and isobutyraldehyde. The greater 
part of isobutyraldehyde is formed by combination of free radicals. For this reason this 
compound would be expected to be much reduced, with simultaneous formation of large 
amounts of nitro compounds, in the presence of excess nitrogen dioxide used in the 
present work. As shown in Table I, the four addition products are formed, although 
cis-8-butene oxide and isobutyraldehyde were not separated on the gas chromatographic 
column used and were not estimated separately. In addition large amounts of nitro- 
methane and methyl! nitrate and smaller amounts of acetaldehyde are also formed. The 


TABLE I 

RELATIVE AMOUNTS OF PRODUCTS (METHYL ETHYL KETONE TAKEN AS UNITY) IN THE PHOTOOXIDATION OF 
trans-BUTENE-2 AND CiSs-BUTENE-2 WITH NITROGEN DIOXIDE 

(Irradiation time 2 hours; 30 mm of olefin, 3 mm NO2; 25+2° C) 


























Wave length i-BuA , 
(A) AcA trans-BuO +cis-BuO CH;NO; MEK CH;NO, 
A. trans-Butene-2 
2288 0.5 0.9 2 1.2 (1.0) 0.6 
2537 0.4 0.8 0.3 0.8 (1.0) 0.6 
3261 0.1 0.5 0.1 0.6 (1.0) 0.5 
B. cis-Butene-2 
2288 0.4 0.5 0.4 1.9 (1.0) 1.0 
2537 0.1 0.6 0.2 0.8 (1.0) 1.0 
3261 0.1 0.6 0.3 i.3 (1.0) 0.9 
AcA = Acetaldehyde. 
BuO = Butene oxide. 


BuA = Butyraldehyde. 
MEK = Methyl ethyl ketone. 
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secondary products tend to increase at the lowest wave length used and are similar in 
that respect to the secondary products observed with butene-1. 

It is not possible to say conclusively whether there is an increase in stereospecificity 
on passing from 2537 to 2288 A. This uncertainty is due to the relatively poor repro- 
ducibility of the figures in Table I, the unknown extent of the thermal reaction with 
excess nitrogen dioxide of the two epoxides produced, and the fact that crs-8-butene 
oxide was not measured separately. The mean values do suggest an increase in stereo- 
specificity ; however, these values are, unfortunately, subject to large uncertainty. 


Mechanisms of Addition of Oxygen Atoms (@P and 'D) to a Double Bond 

According to the spin conservation rule, addition of an oxygen atom in the ground 
state, OP), to an olefin, which is in a singlet state, should give a triplet state of the 
activated complex, while the addition of the first excited oxygen atom, O('D), should 
give a singlet state of the activated complex. In agreement with this, when oxygen atoms 
are produced by the mercury-photosensitized decomposition of nitrous oxide they are 
most likely in the *P state and the initial step of their addition to olefins was, therefore, 
formulated before (1) as follows: 


Here R stands for an alkyl radical or a hydrogen atom, and the first carbon atom of the 
double bond is assumed to be “‘less substituted’’. The transition complex is a stage in 
the formation of the biradical (A), which is presumably in the triplet state. 

In the case of 'D oxygen atoms, the activated complex is probably a stage in the fol- 


lowing reaction, 


‘C=C + O(':D) —> c—c [3] 


where the intermediate (B) should be in the singlet state. 

The two intermediates (A) and (B) may undergo internal rearrangements (1). However, 
both the cis-trans isomerization and the migration of R; or R, to the second carbon atom 
of the original double bond are likely to be much easier in (A) than in (B) and, therefore, 
the addition of the O('D) atoms should be more stereospecific and should lead to pre- 
dominant formation of the epoxides. Thus, in the case of butene-1 (where R; = Rz = R; 
= H and Ry, = C.H;), the relative amount of butanal formed from (A) should be larger 
than that from (B). This is in agreement with the experimental observation. At the same 
time, the extent of stereospecificity will depend also on the extent of the quenching 
reaction [1]. Even when large pressures of the olefin are used and the amount of any 
other kind of molecules present is negligible, a certain amount of quenching by the 
olefin itself is likely to occur and the reaction need not be completely stereospecific if the 
collision yield is smaller than unity. The extent of stereospecificity will then depend on 
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the average number of collisions of OVD) atoms with the olefin before an effective 
collision takes place. Another factor which is likely to have an effect on the stereo- 
specificity which can be observed under conditions of the present experiments is the 
high exothermicity of these reactions. As pointed out before (1) the addition products 
at the moment when they are formed are ‘hot’ and, therefore, the observed stereo- 
specificity will depend to a certain extent on the relative ease of isomerization under 
such conditions of the particular epoxides formed. Thus, although there is a large quanti- 
tative uncertainty in the results obtained with cis- and trans-butene-2, it is certain that 
at least in the case of cis-butene-2 the addition at 2288 A is far from being completely 
stereospecific, i.e. some trans-epoxide is still formed. In view of the preceding discussion, 
however, this should not be taken as an argument against the mechanism proposed here 
for the addition of O(‘D) atoms to olefins. 


Fragmentation Products 

Although the complexity of the studied processes precludes a complete explanation 
of the formation of the fragmentation products, it may be worth while to mention that 
the amounts of propanal, acetone, and acetaldehyde, in the case of butene-1, isobutene, 
and butene-2, respectively, increase rapidly with decreasing wave length of the light 
used for the reaction. It is very likely that these compounds are formed in all these 
reactions by a similar mechanism. Their formation might perhaps be due, directly or 
indirectly, to the excited oxygen molecules produced by the reaction of oxygen atoms 
with nitrogen dioxide (6). This matter, however, requires considerable further investi- 
gation. 
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SULPHINIC ACIDS AS ANALYTICAL REAGENTS! 
T. P. Forrest? anp D. E. RYAN 


ABSTRACT 

The “specific” action of suiphinic acids with metal ions is not limited to compounds in 
which there is direct attachment of the —SO.H group to an aromatic ring. Since both 
aliphatic and aromatic sulphinic acids react similarly the assumption that an aromatic group 
is necessarily co-ordinated to the metal atom through its + system is not valid; the pre- 
cipitated products are simple salts of the acids. Ferric iron yields at least two products with 
sulphinic acids. Ceric cerium is reduced in acid solution but an orange-yellow precipitate 
containing cerium is obtained from acetate-buffered solutions. N aphthalenesulphinic acid 
may be used to quantitatively precipitate Fe Th , or %  . , Sn 


Bi , Pd’ :, Ag’, Hgz 


INTRODUCTION 

Benzenesulphinic acid, CsH;SO¢H, and its alkali salts react with ferric salts in solutions 
of mineral acids to form the slightly soluble orange-yellow ferric benzenesulphinate 
(CgH;SO2)3Fe (1). This compound has been stated (2) to be so insoluble that it is formed 
even in solutions containing fluoride and phosphate ions and that a distinct turbidity 
occurs in ferric salt solutions so dilute as to yield a scarcely perceptible pink color with 
thiocyanates. Although various sulphinic acids have been used for the determination 
and separation of ferric iron (3), Ackerman (4) and Dubsky (5) report that the de- 
termination of iron with sulphinic acids is not reproducible. 

Tetravalent ions, such as cerium, thorium, uranium, tin, titanium, and zirconium, 
also react in acid solution to yield precipitates. Feigl (2) reported that, although the 
sulphinic acids are easily oxidized and ceric salts are powerful oxidizing agents, the 
compound (CgH;SOz2).Ce is nevertheless formed in the reaction between these substances. 
A comparison of the reactivity of benzenesulphinic, benzylsulphinic, and cyclohexyl- 
sulphinic acids showed that only benzenesulphinic acid formed slightly soluble salts with 
the above-mentioned metal ions. These results led to the conclusion that direct attach- 
ment of the —-SO:H group to an aromatic ring was necessary and that the phenyl group 
was co-ordinated to the metal atom through its system of conjugated double bonds. 
However, Krishna and Singh (3) precipitated ferric iron with p-anisylsulphinic acid in 
which the sulphinic acid group is separated from the aromatic ring by a methylene group. 

The present work, therefore, was undertaken to determine the effect of the radic al on 
the analytical behavior of sulphinic acids; this paper records the results of such an 
investigation. 

COMPOUNDS INVESTIGATED 

The following sulphinic acids were prepared: benzene, p-toluene, 8-naphthalene, 
2-thiophene, benzyl, cyclohexyl, m-hexyl, and n-butyl. The aromatic acids were prepared 
by reducing the corresponding sulphonyl chloride with sodium sulphite (3, 6). Part of the 
sulphinic acid was removed as a solid and the remainder was extracted with ether from 
the acidified reaction mixture. The aliphatic acids were prepared by the addition of 
sulphur dioxide to the Grignard reagent at —50° C (7). The solid magnesium salt thus 
obtained was decomposed in acid solution and the sulphinic acid extracted with ether. 

The ammonium salts, which are more stable than the acids, were prepared by bubbling 

1Manuscript received August 29, 1958. 
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ammonia through an ethereal solution of the acid. The salts were purified by precipi- 
tating the ferric sulphinate, washing with water, and then treating with aqueous ammonia 
to remove iron as the hydrous ferric oxide; the filtrate was acidified, ether extracted, and 
the ammonium salt reprecipitated from the ether extract with ammonia. 


Properties of Compounds 
The aromatic acids were obtained as white solids, the melting points of which are 
listed in Table I. The aliphatic acids were all obtained as oils which could be solidified 
at —10° C. Sulphinic acids decompose relatively easily (8); they may be oxidized by air 
to the sulphonic acid or may disproportionate according to the following equation 
3RSO:.H — RSO;H + RSOSOR + H.O. 


The melting points varied, therefore, due to decomposition incurred in drying the acid 
and in heating while melting. Benzenesulphinic acid gave melting points varying from 
0 


72° to 81° C, although consistent results of 79° to 80° were obtained; literature references 
(3, 9) give melting points varying from 75° to 85° C. 


rABLE I 
MELTING POINTS OF SULPHINIC ACIDS 














Sulphinic acid Ms.” C 
Benzene 79-80 
p- Toluene 81 
2-Thiophene 67 
Benzyl 65-68 
8- Naphthalene 104-106 





The ammonium salts of the aromatic acids were white solids. The butyl and cyclohexyl] 
ammonium sulphinates were obtained as colorless oils, although the cyclohexyl compound 
solidified slightly below room temperature; the hexyl derivative was obtained as a white, 
waxy, solid that decomposed to give off ammonia at 35° C. 

lonization constants obtained from potentiometric titration data on the acids showed 
that they are all fairly strong organic acids. The results obtained for benzenesulphinic 
acid ranged from 0.96 X 10~* to 1.28 X 10~ and for p-toluenesulphinic acid from 1.48 X 10 
to 2.10 10-°. The constants of the aliphatic acids were of the order of 107°. 


Reactions with Metal Ions 

Similar reactions were shown by all the sulphinic acids. The reactions were carried out 
by adding a 2% aqueous solution of the ammonium salt of the sulphinic acid to 0.1 M 
solutions of the metal ions. In dilute acid solution voluminous precipitates were obtained 
with Ag , Hos, He, Fa’, Fe". Ue” eee". ee oS eae ees *” eae 
good precipitates under these conditions with naphthalene, benzene, and p-toluene sul- 
phinic acids but a higher reagent concentration was required for precipitation with 
the other sulphinic acids. Slight precipitation was obtained with Cu’*, Pb**, and Pt**** 
at reagent concentration above two per cent. From 1 N sulphuric acid solution ceric 
cerium precipitated insoluble oxidation products of the sulphinic acids but an orange- 
yellow precipitate containing cerium was obtained from acetate-buffered solution. The 
rare earths were incompletely precipitated from solutions of their salts but were not 
obtained from solutions above 0.5 N in hydrochloric acid. No color or precipitate was 
noted with the following: Tl“, Ba°*, Ca°*, Se“ *,. Mg~*, Cd°*, Za” *, Go”, Ni", Fe’, 
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(ae cee oe ee ee , WO", MoO,”’, VO,’’". In acid solutions 
the orange dichromate was reduced to the green chromic ion and the pink color of perman- 
ganate was discharged. 

Since all the sulphinic acids investigated exhibit the same properties for precipitating 
metal ions, their selective action is not due to the co-ordination of an aromatic ring to 
the metal atom through its system of conjugated double bonds. The only significant 
difference in the products obtained is in their solubilities. 


THE IRON REACTION 


As previously stated ferric iron has been determined by precipitation of the reportedly 
very insoluble ferric benzenesulphinate. Use has been made of this reaction to determine 
iron volumetrically by titration with a standard sulphinic acid solution with dilute thio- 
cyanate as an external indicator (3). However, in the preliminary experiments with ferric 
iron it was found that, in solutions containing less than 0.5 mg of iron per milliliter, 
only a yellow to red color developed when the theoretical amount of reagent was added. 
A red color was obtained on dropwise addition of reagent to more concentrated iron 
solutions but this color disappeared as the orange-vellow ferric sulphinate separated 
from solution on the addition of more sulphinic acid; the ferric sulphinate dissolved 
slowly in ferric chloride solution to regenerate the red color. These results show that, 
in addition to the insoluble 1:3 ferric benzenesulphinate, there is at least one other 
product of the reaction. The volumetric method for the determination of iron by sulphinic 
acids cannot be recommended; although the ferric sulphinate is precipitated from 
solutions containing more than two milligrams of iron per milliliter the end point is poor 
and in more dilute solutions a soluble colored complex only is formed. 

Table II shows the effects of concentration and acidity on the precipitation of ferric 
iron by benzenesulphinic acid. The quantity of iron remaining in solution where pre- 
cipitation occurred was determined colorimetrically with o-phenanthroline. 


TABLE II 
PRECIPITATION OF FERRIC IRON WITH BENZENESULPHINIC ACID 








Iron present Mole ratio of 











mg/ml \cidity reagent to iron Results 

0.05 pH 3 10:1 Yellow solution; no precipitate 

0.05 pH 3 40:1 Yellow solution; slight precipitation 

0.25 pH 3 10:1 Good precipitation; 3.2 p.p.m. iron in filtrate 
0.25 0.2 NHCI 10:1 Orange solution; slight precipitation 

0.40 0.2 NHCl 10:1 Good precipitation; 7.4 p.p.m. iron in filtrate 
0.60 0.2 NHCI 3:1 Red solution; no precipitate 

0.60 0.2 NHCI 10:1 Good precipitation; 3.7 p.p.m. iron in filtrate 





These results show that quantitative precipitation is markedly dependent upon con- 
centration and that best precipitation occurs from slightly acid, relatively concentrated 
iron solutions. However, precipitates are obtained even in solutions containing as little 
as 0.05 mg of iron per milliliter provided an extremely large excess of reagent is added 
(>40: 1). 

In view of the above results an investigation into the statements regarding the extreme 
insolubility of ferric benzenesulphinate and its formation in the presence of fluoride and 
phosphate ions was carried out. The solubility was determined by preparing a saturated 
aqueous solution under nitrogen at 25° C; the iron content of the filtered solution, de- 
termined colorimetrically with o-phenanthroline, was 4.510-4 moles per liter after 7 
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hours and 10~* moles per liter after 4 days. Since dibenzylsulphone was obtained from 
solutions of ferric benzylsulphinate similarly treated, the increase in solubility on standing 
is undoubtedly due to some decomposition of the sulphinate. The ferric benzenesulphinate 
dissolved completely in 1 .M fluoride and phosphate solutions and no precipitation 
occurred from neutral solutions containing 20:1 ratio of fluoride or phosphate to iron; 
in 0.2 N acid solutions, however, in which the concentrations of fluoride and phosphate 
complexes are small, precipitation did take place. 

Similar reactions with iron were obtained with the other sulphinic acids; the most 
insoluble ferric sulphinate was that of naphthalenesulphinic acid. The use of this com- 
pound as an analytical reagent is discussed below. 


Nature of the Solid Ferric Benzenesul phinate 

Analysis of the solid product of the reaction between ferric iron and benzenesulphinic 
acid, after drying at 110° C, gave 11.69°% iron on ignition to the oxide; the theoretical 
value of Fe(CsHsSOz2); is 11.65°%. A sample, ether-washed and dried at room temperature, 
lost no weight on drying at 110° C for 2 hours; this result, together with the analysis 
given above for the dried compound, shows the absence of water of hydration in the 
precipitated product. 

The orange solid was insoluble in ether, ethanol, dioxane, benzene, cyclohexane, 
chloroform, and carbon tetrachloride but dissolved in glacial acetic acid to give a red 
solution having a freezing-point depression that indicated complete dissociation. The 
absorption spectra of this solution, between 400-500 mu, was identical with that of a 
solution of ferric nitrate in glacial acetic acid; the compound, therefore, dissociates 
completely to form the acetate complex. 

The magnetic moment of the solid was determined by means of a Guoy balance and 
found to be 5.7 Bohr magnetons. This value is typical of ferric compounds having five 
unpaired electrons and shows that no inner orbital bonding has taken place. 

The above results suggest that ferric benzenesulphinate is simply a salt of benzene- 
sulphinic acid. Alimarin and Sotnikov (10) have recently concluded, on the basis of the 
reactivity of benzylsulphinic acid with metal ions, that the products are typical metallic 
salts of the acids. 


THE CERIUM REACTION 

Ceric cerium has been reported to react with benzenesulphinic acid to precipitate the 
ceric sulphinate Ce(CsH;SO2), (2); recently, however, the reaction has been stated to be a 
typical oxidation—reduction reaction yielding RSO;H and R2SO» with Ce** remaining 
quantitatively in solution (10). Our investigation has shown that insoluble white products 
are obtained on the addition of sulphinic acids to ceric solutions in 1 N sulphuric acid; 
the white product from benzenesulphinic acid addition contained no cerium and _ re- 
crystallized from benzene as white needles melting, with decomposition, at 192° C; the 
melting point of diphenyldisulphone, (CgHsSOz2)s, is 193° C. Titration of a standard 
benzenesulphinic acid solution with a 0.1 M ceric sulphate solution (1 N in H2SO,) 
using ferroin indicator gave a white precipitate; the ceric solution was decolorized and 
the end point occurred at a molar ratio of 1.8 cerium to 1 sulphinic acid. In acid solutions 
ceric cerium oxidizes sulphinic acids and is not precipitated, the cerium remaining 
quantitatively in solution; no precipitation occurred with cerous cerium in 1 N sulphuric 
acid solution. 

From ceric solutions buffered at pH 4 with ammonium acetate, however, an orange- 
yellow precipitate containing cerium is obtained upon addition of sulphinic acids; cerous 
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cerium is precipitated at pH 4 as a white precipitate. The orange-yellow product obtained 
from ceric solutions with benzenesulphinic acid varied in composition, part of the product 
being extractable into ether to give an orange solution. The ether-soluble portion was 
reprecipitated as an orange solid on the addition of ligroin and gave on analysis, after 
drying im vacuo over boiling methanol, 30.9% Ce. The ether-insoluble portion, after 
drving in the same manner, gave on analysis 18.15°% Ce; the theoretical value for 
Ce(CsHsSO2),4 is 19.8856 Ce. It is evident that a mixture of products is obtained on the 
addition of sulphinic acids to nearly neutral solutions of ceric cerium. 

The reaction of cerium with sulphinic acids depends markedly on the acidity of the 
solution which controls the oxidation potential of the system. At low acidity ceric cerium 
is precipitated but not purely as the simple metallic salt of the sulphinic acid whereas 
in strongly acid solution it is reduced and remains in solution as cerous cerium. 


NAPHTHALENESULPHINIC ACID 


Since naphthalenesulphinic acid gave the most insoluble precipitates in the preliminary 
experiments, its usefulness as a reagent for quantitative precipitation of a number of 
metal ions was briefly investigated. An excess of a 2G aqueous solution of ammonium 
naphthalenesulphinate was added to solutions of the metal ions, under varying con- 
ditions, and the filtrates tested by means of drop reactions for the metal; for the gravi- 
metric results recorded the precipitates were washed with dilute solutions of the reagent 
and then ignited to the oxide. The results are given in Table ITI. 


rABLE III 


PRECIPITATION OF METAL IONS WITH NAPHTHALENESULPHINIC ACID 


Results 








Conditions 


Metal ion 


Fe 0.05 mg/ml at pH 3 Good precipitation; 1 p.p.m. iron left in filtrate 

0.25 mg/ml in 0.2 N HCI Good precipitation; 1.3 p.p.m. iron left in filtrate 

Benzenesulphinic acid gives no precipitation under the 
above conditions 


Zt 0.4 mg/ml in 0.4 N HCl White precipitate; no zirconium detected in filtrate with 
alizarin 
Th 1 mg/ml White precipitate; quantitative in acid solutions, < 
5 p.p.m. thorium left in filtrate even in 0.5 N HCl 
0.1 mg/ml in 0.2 NV HCl Thorium oxide taken, 11.82 mg; recovered 11.87 mg 
li 0.1 mg/ml in 0.2 N HeSO, Yellow precipitate; no titanium detected in filtrate with 
chromotropic acid 
0.05 mg/ml in 0.2 NV HsSO, litanium dioxide taken, 7.94 mg; recovered, 7.95 mg 
Sn 0.3 mg/ml in 0.25 NV HCl White precipitate; no tin detected in filtrate by reduction 


to stannous tin and testing with ferric iron and 
o-phenanthroline 


1 mg/ml in 0.6 NV HCl Stannic oxide taken, 12.47 mg; recovered 12.50 mg 
[ 0.1 mg/ml in 0.2 N HCI White precipitate; no uranium detected in filtrate with 
ferrocvanide 
Bi 0.1 mg/ml in 0.2 VN HNO; White precipitate; < 5 p.p.m. bismuth determined with 
stannite and lead solutions 
Pd 0.1 mg/ml in 0.03 NV HCl Brown precipitate turned slowly to canary yellow; no 
palladium detected in filtrate with mercuric iodide in 
dioxane 
0.1 mg/ml in 0.2 N HCl No precipitate; yellow solution 
Hey: 0.1 mg/ml in 0.2 N HNO; White precipitate; no mercury detected in filtrate with 
iodide 
Ag 1 mg/ml as solution of AgNO White precipitate; no silver detected in filtrate with 
N,N-dimethylaminobenzalrhodanine 
1 mg/ml in 0.6 VN HNO; Grevish precipitate, indicating reduction to metallic 


silver; silver ion detected in filtrate with N, N-dimethyl- 
aminobenzalrhodanine 
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Naphthalenesulphinic acid quantitatively precipitates a number of metal ions from 
acid solution and should, therefore, prove useful in the separation and determination of 
these metals. 
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INFRARED SPECTRA AD STRUCTURE OF SELENIOUS ACID! 
MICHAEL FALK? AND PAauL A. GIGUERE 


ABSTRACT 
The infrared spectra of selenious acid both crystalline and in solution in water and methanol 
were recorded from 2 to 30 yu. Assignment of the various frequencies is made on the basis 
of the crystal structure as determined from X-ray data. It is shown that the molecules have 
the symmetrical form (a), the asymmetrical one (5) proposed by Venkateswaran being 


O-—H O. O-H 
O—Se< Sex 
O—H oO H 
(a b 


ruled out. The spectra of solutions in H,O and D.O contirm the existence of discrete H2SeO 
and D.SeO; molecules with no indication of uncombined SeOQ, molecules even at high con- 
centrations. This behavior is contrasted with that of SO. solutions. 

INTRODUCTION 

Recent spectroscopic investigations (1, 2) have confirmed the absence of measurable 
quantities of H»SO; molecules in the various phases of the H2,O—-SO. system. We have 
now completed a similar study of the HexO-SeO. system prompted by the considerable 
differences between sulphurous and selenious acids. Unlike SO., SeOs combines with 
water to form a definite compound H.SeQ; stable both in solution and in the crystalline 
state. By X-ray diffraction Wells and Bailey (3) have shown that the crystal consists 
of nearly symmetrical SeO; pyramids linked together by strong O-H .. . O bonds. While 
the present work was in progress Detoni and Hadi (4) reported briefly on the infrared 
spectrum of the crystalline acid, interpreting their results in terms of molecules having 
the symmetrical form (a). The existence of stable H2»SeO; molecules in the solid phase is 
therefore well established. 

The nature of aqueous solutions of selenious acid remained unsettled, however. By 
analogy with SO», persistence of free SeO, molecules in these solutions could be sus- 
pected. From a Raman study made over twenty years ago Venkateswaran (5, 6) had 
concluded that solutions of selenious acid present a complex system of two or three 
molecular species. His interpretation is now untenable as we shall see. 


EXPERIMENTAL 

Solid films of selenious acid were prepared by evaporating on a_ polished silver 
chloride plate solutions of selenium dioxide in chloroform or acetone and then allowing 
the films to hydrate in air. The latter reaction took place very readily at room tempera- 
ture and at moderate humidity; once hydrated the films were indefinitely stable under 
these conditions, showing no tendency to effloresce. Aqueous solutions of selenious acid 
were prepared by adding weighed amounts of solid anhydrous SeO, to H,O or D.O. 
Absolute methanol was used to dissolve the pure crystalline acid. The high-purity sample 
of selenium dioxide was obtained through the courtesy of Dr. E. M. Elkin, Canadian 
Copper Refiners, Montreal East. The spectra were recorded by means of a Perkin 
Elmer, Model 12-C infrared spectrometer using LiF, NaCl, and CsBr prisms. 

‘Manuscript received August 26, 1958. 
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RESULTS AND DISCUSSION 
The molecular spectra of crystalline selenious acid must be considered first to help 
decipher those of the solutions. 
Solid H.SeO; 
A composite tracing of the spectrum of selenious acid in the solid state is reproduced 
in Fig. 1 and the average frequency of the various maxima found in some eighteen films 
are listed in Table I. Both the frequencies and the relative intensities agree closely 


TABLE I 
INFRARED BANDS OF CRYSTALLINE H2SeQ; AND SeQ. 


(Frequencies in cm~) 





H.SeQ; 
— - SeOQ, 
Ref. 4 This work Assignments (ref. 7) 
412 403 +3 w 6 OSeO 
425 vw 
535 
563 
591 
630+2 (sh 
661 67542 vs vy Se-O 
696 715+5 (sh SeO, 716 
787 +5 w 
854 849+1 vs v Se—O 
900 +15 (sh) SeO, 901 
939 
1134 113441 s 5 SeOH 
1180 1178+2 m 6 SeOH 
2290 2320+15 s vy O-H 


2940 2900 +50 vs vy O-H 








with the results of Detoni and HadzZi (4). For comparison the infrared frequencies of 
anhydrous SeO: (7) are also given. Apart from a few very weak bands presumably due 
to traces of SeO, in the acid, there is no resemblance between the two spectra; nor is 
there any indication of the H.O bands in the neighborhood of 1650 and 3300 cm~ 
usually present in molecular hydrates. Generally speaking, the frequencies below 1000 
cm~! may be ascribed to the SeO; groups and those above, to the OH groups. 
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Fic. 1. Infrared absorption of crystalline selenious acid. 
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The two OH stretching frequencies at 2900 and 2320 cm seem quite low compared 
with that of the free OH (about 3700 cm~'). Such a large downward shift is indicative 
of strong hydrogen bonding in the crystalline acid and agrees with the short O-H ---O 
distances found by X-ray diffraction, 2.56 and 2.60 A (3). Correlations have been drawn 
by various authors between stretching frequencies and hydrogen bond lengths. One of 
the latest by Nakamoto, Margoshes, and Rundle (8) shows very good agreement for 
numerous compounds with O-H ---O bonds. Taking the latter distance as 2.60 A in 
H.SeQ;, the OH stretching frequency should occur at 2500 cm7!, nearly halfway between 
the observed values. A second relationship between frequency shift and hydrogen bond 
distance leads to the same approximate frequency: 3700-1200 = 2500 cm~!. The large 
splitting between the two stretching frequencies (580 cm~') must result from the strong 
coupling of the two OH groups through the heavy selenium atom. In liquid H.SO, the 
pair of corresponding bands occur at 3000 and 2430 cm™! (9). 

It is of interest to inquire where the hydrogen atoms are located in the H.SeQ; lattice. 
Judging from the rather low stretching frequencies one would expect an O-H_ bond 
somewhat longer than, for example, in ice: 1.01 A (10). In fact a rough estimate based 
on Badgers’s rule, using an average frequency of 2600 cm™ leads to a distance of nearly 
1.1 A. On the other hand an empirical relationship between O-H ---O distances and 
O-H bond lengths (8) vields about the same value as in ice. The discrepancy may come 
from the fact that the hydrogen bonds in the selenious acid crystal are not straight 
but bent. A neutron diffraction study of this and other mineral acids appears desirable. 

The OH bending frequencies also are rather low (1178 and 1134 cm~') for such a 
strongly hydrogen-bonded system. Although the influence of hydrogen bonding on the 
deformation modes is much more complex and obscure than for the stretching modes it 
usually entails a slight shift toward higher frequencies. The situation here is somewhat 
reminiscent of that in tertiary alcohols (11) where a narrow association band arises near 
1100 cm~'. It would seem that even for a bonded hydrogen the bending frequency is 
strongly dependent on the “resultant mass’’ on the X atom in the group X—O-H --- O. 

In view of the small mass of the hydrogen atoms and the strong polarity of the O-H 
bonds the vibrations of the SeO; group can well be analyzed independently. Also for 
simplicity, a pyramidal configuration with C;, symmetry is assumed since the yhree 
Se—O bonds are very nearly equivalent; 1.72, 1.75, and 1.76 A (8) in the crystalline 
acid as a result of resonance. The normal Se—O single bond distance is about 1.81 A 
(12) and the double bond, 1.68 A (13). On the basis of that assumption one may expect a 
symmetrical stretching frequency and a doubly degenerate asymmetrical one. The 
pair of strong peaks at 849 and 675 cm™ have been rightly assigned to these modes (4). 
The former has its equivalent at 890 cm™! in the Raman spectra (5); there is, however, 
no trace in the infrared spectrum of the H2SeQ; crystal of any absorption near 600 cm~! 
corresponding to the intense Raman shift at 597 cm~'. Lastly, we assign the weak 
maximum at 403 cm~ to a O-Se—O bending rather than a stretching mode as suggested 
by Detoni and HadZi (4). The other bending frequencies must lie beyond the range 
covered in this work. 


Solutions of H2SeO; 

The spectra of concentrated solutions of SeOs in HO and D.O are shown in Fig. 2 
and the frequency of the observed maxima are given in Table II. Progressive dilution 
of the solutions from 50 to 10°% SeO. by weight resulted merely in a regular decrease 
of intensity for all the acid bands. The general resemblance of the spectra of H»SeO, 
solutions and those of the crystalline acid leaves no doubt that the same species are 
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rABLE II 
INFRARED SPECTRA OF SOLUTIONS OF SELENIOUS ACID 
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Fic. 2. Infrared spectra of 50% solutions of SeO, in HO and D.O. Broken lines refer to the spectra 
of the pure solvents. 


present in both cases. In particular the absence of any bands of uncombined SeQ, in 
the solutions is conspicuous. In the deuterated system the OD bending frequency could 
not be observed as it falls in the region of strong absorption from SeO stretching near 
900 cm—!. Shifts of the hydrogen vibrations on passing from the crystal to solutions are 
not unexpected: it is, however, surprising that the deformation frequency should be 
shifted to the same extent (about 100 cm~') and in the same direction as the stretching 
frequencies. 

The only peculiarity in the spectra of methanol solutions was the presence of a fairly 
strong absorption at 980 cm which has no equivalent in either the aqueous solutions 
or in the crystalline acid. It resulted, no doubt, from oxidation of the alcohol by SeQs, 
as shown by appearance, when it was left standing, of the characteristic red coloration 
of elemental selenium. For that reason these solutions were not studied further. 

There is good agreement between our infrared frequencies and the Raman shifts 
reported by Venkateswaran (5, 6) for selenious acid solutions. For the crystal, however, 
his spectra have little in common with the present ones. Instead they resemble strangely 
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the Kaman spectra of crystalline SeO, (14), which raises the suspicion that his samples 
were partly dehydrated by heating. From his results Venkateswaran concluded to the 
existence of two molecular species, a dihydroxyl, symmetrical form (a) and an asym- 
metrical one (6), the two being in a state of dynamic equilibrium in proportions varying 


O—H F O O—H 


from phase to phase. This is obviously inconsistent with the observed permanence of 
all the infrared bands of selenious acid both in the solid state and in solutions over a 
wide range of concentration and temperature (25 to 90° C). In addition the asymmetrical 
form (6) is in contradiction with the X-ray data on the crystal (3) as well as the spectro- 
scopic results of Detoni and HadZi (15) ona series of sulphinic and seleninic acids. Although 
the 2290 cm~ frequency is of the right magnitude for a Se-H stretching mode (cf. 2260 
and 2350 cm! in H.Se) the fact that it is shifted to the same extent as the 2900 cm7 
frequency on going from crystal to solutions is sufficient proof that both vibrations 
involve OH grouns. Selenium atoms do not normally participate in hydrogen bonding. 
Lastly, Venkateswaran’s assignment of some of the solution bands, particularly that 
near 900 cm~!, to the biselenite ion HSeO;~ cannot be correct in view of the very small 
dissociation constants of selenious acid (Rk; = 2.4107 at 25° C). 

In conclusion the behavior of selenium dioxide towards water may be contrasted 
with that of the corresponding oxides of sulphur and tellurium. Whereas SeO: displays 
high afhnity for water as exemplified by a great solubility (63° by weight at ordinary 
temperature) and formation of a well-defined compound stable in the free state and in 
solutions, SO, is only moderately soluble (8.3°O by weight) and the solutions contain 
no detectable amount of H.SO; molecules. The greater polarity of the Se-O bond in 
the dioxide compared with S—O bond may be partly responsible for the marked difference 
in properties. This is also apparent in the existence of polymer-like chains in crystalline 
selenium dioxide (16). As for tellurium dioxide it is quite insoluble in water, and it is 
doubtful if there exists a definite tellurous acid, HoTeQs. 
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RESUME 
On a étudié les spectres infrarouges de l’acide sélénieux a l'état cristallin et en solution 


dans l'eau et le méthanol. Les résultats s’accordent avec l’existence de molécules bien 
définies avant la formule symétrique 


Les spectres des solutions ne révélent aucune trace de bioxyde de sélénium 4a |'état libre 
contrairement au cas du bioxyde de soufre. 
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THE STRUCTURE OF PYRROLE SALTS AND THE BASIC STRENGTHS 
OF SOME SIMPLE PYRROLES' 


E. BULLOCK? 


ABSTRACT 


The infrared spectra of hydrohalide salts of some substituted pyrroles are typical of 
secondary amine salts. Unlike the free base, cryptopyrrole hydrochloride is easily hydro- 
genated. The basic strengths of cryptopyrrole and 2,4-dimethylpyrrole are calculated from 
ultraviolet spectroscopic data 


Contrary to statements in some textbooks and reviews, many substituted pyrroles 
show considerable basicity (1, 2, 3) and form salts with halogen acids (2, 4, 7, 8). It has 
been suggested that salt formation is an important step in the acid-catalyzed reactions 
of pyrroles (1, 2, 38, 5) and the basic property of the heterocyclic nitrogen atom may be 
a factor in the formation of II1-type porphyrins from monopyrroles (6). 

The action of dry hydrogen chloride on cryptopyrrole in ether was reported to give 
a dimer though the conditions were not specified exactly (9). The action of chlorine 
on a similar solution gave a low yield of a hydrochloride of the pyrrole (8). We obtained 
a good vield of this stable hydrochloride on treatment of cryptopy rrole in cold ether 
with dry hydrogen chloride. The salt regenerated the parent base on treatment with 
sodium acetate solution. The hydrochlorides of 2,4- and 2,5-dimethylpyrrole were 
isolated similarly but were less stable, especially in contact with the mother liquor. The 
parent bases could be regenerated from the salts, but after 1-2 hours standing, dimeric 
compounds were formed. In contact with picric acid solution the picrates of 2,4-dimethyl- 
pyrrole and cryptopyrrole behaved similarly; after 4 days the former vielded only the 
dimer picrate and the latter a mixture of dimer and monomer picrates. 

The salts of pyrroles have been formulated as I or II (2, 3, 5) rather than as secondary 
amine salts, by direct reference to the resonance forms of pyrrole (10). The infrared 
spectrum of cryptopyrrole hydrochloride (Fig. 2) shows that it is most probably ITI. 


The spectrum shows no normal > NH stretching frequency (cf. Fig. 1, cryptopyrrole 


band at 3370 cm™') but has a broad strong band centered at 2630 cm~!. The absence of 
“immonium” bands (11) at 2100-1980 cm, although not conclusive, supports III rather 


than I or II. Coupled with the disappearance of the >NH band, a strong peak appears 


at 1575 cm~ in the hydrochloride spectrum. Ring vibrations complicate assignments in 
this region but it seems likely that cryptopyrrole bands at 1597 and 1695 cm~! move to 
1650 and 1745 cm™ respectively in the salt and that the 1575 cm band is new. This 
band is considered (12) to be characteristic of the secondary amine salts. The infrared 
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spectra of hemopyrrole- and cryptopyrrole-dicarboxylic acid hydrobromides show exactly 
analogous features. The picrates of 2,4-dimethylpyrrole and cryptopyrrole likewise show 


on 
no normal > NH absorption and are probably true salts.* 


The ultraviolet spectra of cryptopyrrole and 2,4-dimethylpyrrole in normal hydro- 
chloric acid are consistent with formulation of the salts as cyclo-pentadiene analogues 
(cf. 13). The additional alkyl group in cryptopyrrole causes a bathochromic shift of 
11 mp (Amax 260 my compared with 249 my) in the main peak. 

In neutral or alkaline solution at room temperature and atmospheric pressure, crypto- 
pyrrole is not reduced by hydrogen over Adams’ catalyst. In ethanolic hydrochloric 
acid under these conditions it rapidly takes up 1 mole of hydrogen, further reduction 
being very slow. The analysis of the product, its behavior with permanganate in acetone, 
and the infrared spectrum suggest that it is the A*-pyrroline IV (15). As anticipated, 
the less basic pyrroles V and VI, whose ultraviolet spectra are unchanged by the addition 
of acid (cf. 14), were not reduced in similar conditions. 

The p&,’s of cryptopyrrole and 2,4-dimethylpyrrole were determined by an ultra- 
violet spectroscopic technique (e.g. 16, 17). Solutions of the bases in various strengths 
of hydrochloric acid were used, rather than buffer solutions. The error introduced by 


ogits -— at a _A Pp 
HN CHaN 7 COOEt CHSN, Oc 
IV Vv \I 
P = CH:.CH:2.CO.OEt 


CH:.CO.OEt 


*The author is indebted to a referee for advice on the infrared assignments. 
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assuming that the pH of the solution is that of the acid is less than 2% for spectroscopic 
amounts of the base in 0.01 N acid. 

The pA, of the conjugate acid to cryptopyrrole is 2.84 and that of 2,4-dimethylpyrrole 
is 2.12. Allowing 0.7 units of pA per alkyl group and neglecting possible ‘‘positional’’ 
effects, the pA, of pyrrole is estimated as 0.7. A previous estimate (18) gives the value 
0.4. Attempts to measure the pA,’s of variously substituted alkyl pyrroles by other 
methods are in progress. 

From these results it is concluded that: (a) In absence of acid, attack of electrophilic 
reagents may occur at the nitrogen atom of pyrroles. The known structure of the products 
of such reactions requires that the intermediate rearranges to give a-substituted deriva- 
tives. (b) In acid solution, the observed catalysis of some pyrrole reactions may be due 


to salt formation. The >NH.* group causes intense polarization of the diene system 


resulting in high electron density at the 2,5- (a@-) positions. 


EXPERIMENTAL 
Melting points are uncorrected. 


Cryptopyrrole Hydrochloride 

A solution of the pyrrole (3g) in dry ether (60 ml) was cooled in an ice bath and 
saturated with dry hydrogen chloride (3-5 minutes). The precipitated solid was filtered 
and washed with dry ether (5X20 ml) then dried in a vacuum desiccator over caustic 
soda. The product (3.2 g) was crystallized from alcohol—ether to large colorless needles, 
m.p. 109-117 (decomp.). Ehrlich reaction was positive cold. The product is stable im 
vacuo in the dark and is not deliquescent when free of cryptopyrrole (cf. 2, 7). Solutions 
in water and ethanol are acidic. Calc. for CsH,ysNCl (monomer hydrochloride): Cl, 
22.33. Calc. for CigHogNoCl (dimer hydrochloride): Cl, 12.58. Found: Cl, 21.51. (Dried 
at room temperature im vacuo.) Infrared spectrum (nujol mull): Fig. 1. The spectro- 
scopist reported that the sample became red during the determination. Amsx (1 NW hydro- 
chloric acid): 260 mu; log «: 3.56. The material sublimes slowly under water-pump 
vacuum (60-70° at 12mm with some decomposition) to a white solid, m.p. 114-117° 
(decomp.), which slowly turns red on exposure to air. 


Regeneration of the Parent Base 

A solution of the salt in water was treated with sodium acetate and extracted with 
ether. The ether layer was washed with w ter and treated with picric acid. Yellow 
needles of cryptopyrrole picrate, m.p. 134° alone or mixed with an authentic sample 
(lit. 137° (20)), were obtained. 


2,4-Dimethyl pyrrole Hydrochloride 

Freshly distilled 2,4-dimethylpyrrole (3.1 g) was dissolved in dry ether (60 ml) and 
cooled in an ice bath. A rapid stream of dry hydrogen chloride was bubbled through 
the solution (2-3 minutes) when a semisolid precipitate was formed. The ether was 
decanted and the product was washed with dry ether (3X50 ml) then taken up in 
water and neutralized with sodium acetate. The ethereal extract of this solution was 
washed with water and dried over potassium carbonate. Removal of the ether yielded 
an almost colorless oil (1.95 g) which distilled almost completely under reduced pressure 
(b.p. 56.5° at 11 mm). 

A sample of the oil was converted to the picrate giving large yellow plates. The picrate 
is dimorphic showing signs of melting at 56°, accompanied by a collapse of the crystal 
structure to fine needles, m.p. 92—93° (lit. 91-92° from ethanol-ether (20)). 
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A sample of the oil was treated with phenyl isothiocyanate and warmed on the steam 
bath. After 10 minutes the solid product was crystallized from heptane to large yellow 
needles, m.p. 111—-113° (authentic sample 112-114° (19)). Ultraviolet absorption of the 
pyrrole in acid, Amax: 249 my; log e: 3.43. 


2,5-Dimethyl pyrrole Hydrochloride 
The pyrrole (4.35 g) was treated as above, the colorless oil (1.43 g) liberated from the 
hydrochloride distilled at 60.0° at 11 mm. 


Action of Hydrogen Chloride on a-Methylpyrrole 
Under the conditions described above the only product recovered was a solid, probably 
the dimer. 


Reduction of Cryptopyrrole 

(a) Acid solution.—Cryptopyrrole (3.83 g) was dissolved in ethanol (40 ml) saturated 
with hydrogen chloride and Adams’ catalyst (75 mg) was added. The material was 
hydrogenated at room temperature and atmospheric pressure for 2 hours, after which 
time 650 ml of hydrogen (almost 50°% of theoretical amount for complete reduction) 
had been absorbed. (In a separate experiment, the uptake was approximately 65% 
after 6 hours.) The platinum was filtered off over ‘‘Celite’’ and the alcohol removed in 
vacuo. The residue was treated with sodium hydroxide solution (50 ml, 10% w/v) and 
extracted with ether (3X50 ml). The ethereal extract was washed with water and then 
re-extracted with a near-saturated solution of potassium dihydrogen phosphate in 
water (3X50 ml). The yellow phosphate extract was neutralized with sodium hydroxide 
and the liberated base was collected by further ether extraction (3X50 ml). This ether 
was well washed with water (5X50 ml), fresh ether being added to maintain the volume 
of the ethereal layer, and dried over sodium sulphate. Removal of the ether left a pale 
vellow oil (3.21 g) which gave no Ehrlich reaction. Distillation gave a main fraction, 
b.p. 152-155° (1.26 g). Cale. for CsHisN: C, 76.79; H, 12.09; N, 11.20. Found: C, 76.50; 
H, 12.07; N, 11.27. Infrared spectrum (thin film): 3280, 2960, 2890, 1680 (shoulder), 
1650, 1550, 1462, 1383, 1305, 1250, 1045, 960 cm~!. a-Naphthylurethane recrystallized 
from aqueous ethanol. Calc. for CigH22ONe: C, 77.51; H, 7.53; N, 9.52. Found: C, 77.01; 
H, 7.94; N, 8.95. The picrate, m.p. 157—159°, crystallized in thick needles from ethanol- 
ether. 

(b) Neutral solution.—In a similar experiment to that described in (a) but employing 
95°% ethanol, no hydrogen was absorbed beyond that required for the catalyst. 

(c) Alkaline solution.—In ethanolic solution containing sodium ethoxide (approxi- 
mately 2% w/v) the cryptopyrrole absorbed no hydrogen. 


Attempted Reduction of Carboxylated Pyrroles 

In conditions similar to those given in (a) above, cryptopyrrole tricarboxylic acid — 
triethyl ester (V) and 2-methyl-5-carbethoxypyrrole-4-propionic acid ester (VI) were 
not reduced. 


Determination of pK, Values 

Solutions containing spectroscopic amounts of the pyrroles in 1 N, 0.1 N, and 0.01 N 
hydrochloric acid (0.9-1.7 mg in 25 ml of acid) were prepared and the spectra were 
recorded from 300 mu to 208 mu on a Cary self-recording instrument. The operation 
of the instrument required approximately 4 minutes, the total time elapsing from com- 
pletion of the weighing being about 10 minutes. It was found that the spectra were 
substantially unchanged after 30 minutes’ standing, although the solutions became slightly 
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colored. The spectra of the free bases were recorded in 95°% ethanol and the pA, values 


were calculated in the usual way (17). 


Analyses are by Mr. H. Seguin and the infrared spectra were determined by 


R. Lauzoa. 
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DISTRIBUTION OF NUCLEAR CHARGE IN THE 
PROTON-INDUCED FISSION OF Th?! 


B. D. Pate,? J. S. Foster, AND L. YAFFE 


ABSTRACT 


The cross sections for the independent formation of I, I, Te!, I, and ['™ and for 
the cumulative formation of Te™, I', and I’ in the proton-induced fission of Th** have 
been measured at nine proton energies between 8 and 87 Mev. From these data and from 
published total chain yield data, charge distribution curves have been obtained. These are 
compared with published charge distribution curves for uranium fission at energies up to 
480 Mev and together they show a shift of the most probable fission product charge toward 
stability and a widening of the distribution with increasing bombarding energy. These 
phenomena are interpreted in terms of current models for nuclear reactions. 


INTRODUCTION 


A voluminous literature exists on the distribution of nuclear mass in the fission process. 
In spontaneous fission (31) and in the fission of U2, U2, and Pu®® with neutrons of 
thermal energy, the familiar double-peaked distribution, corresponding to a preponder- 
ance of asymmetric fission modes, is observed (30). As the energy of bombarding particles 
is increased the mass distribution in the fission of these and other heavy nuclei becomes 
more and more symmetric (18, 33) and at sufficiently high energies a singly peaked 
distribution is observed (19). 

About the nuclear charge distribution less is known. Data exist on the distribution 
from the fission of U2 with thermal neutrons (6, 7, 21) and with 14-Mev neutrons 
(34). Data also exist for the fission of uranium by 170-Mev protons (1), of bismuth by 
190-Mev deuterons (10), and of uranium, thorium, and bismuth by 480-Mev protons 
(16), and there is fragmentary information from other systems. The present work was 
undertaken to investigate the changes that occur in the charge distribution from proton- 
induced fission of Th? as the bombarding energy is raised from 8 to 90 Mev, the 
maximum proton energy of the McGill synchrocyclotron. This energy range is of interest 
in view of the substantial changes observed in the mass distribution (33). Also in this 
interval a change presumably begins in the nature of the initial step in nuclear reactions, 
from simple compound nucleus formation to a mechanism of direct interaction with 
individual nucleons (29). Thus at the lower energies studied, excitation of the nuclei 
at the end of the first step of the reaction will be essentially monochromatic whereas at 
the higher end of the bombarding energy range, a broad spectrum of excitation energies 
will be produced, with corresponding complexity of the reaction products observed. 
Ideally, in the determination of a charge distribution, one would wish to measure the 
independent yields of each of the nuclides in one or more fission chains. This, however, 
is precluded by the short half-lives of most of the members of any given mass chain. 
One substitutes a determination of independent yields of accessible nuclides in chains 
of different mass number, followed by correlation of these data. Correlation is customarily 
attempted by means of semiempirical or theoretical relationships (6, 7, 21, 27, 35) that 
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give the most probable nuclear charge, Z,, for a given mass number 1. Here Z, is that 
charge value at which the peak of the charge distribution occurs, this not necessarily 
being an integral value. Distribution of yields around the most probable charge is 
usually assumed to be Gaussian and to be identical for all mass chains. These assumptions 
appear to be substantiated by much of the experimental evidence. 

In the present experiment, yields of some iodine and tellurium nuclides in the mass 
region 130-135 were measured. The data have been correlated to give a charge distri- 
bution in this mass region under the assumptions that the distribution is symmetric 
about Z, and that over the mass range investigated Z, is displaced a constant amount 
from the Z, value given by Pappas (21). (Z, is that charge value, not necessarily 
integral, corresponding to stability for a given 1.) A study over a mass range as small 
as six units does not provide sufficient data to test theories on the variation of Z, with A. 


EXPERIMENTAL TECHNIQUES AND RESULTS 
1. Target and Irradiation 

Thorium metal foil of about 190 mg cm? superficial density was employed as the 
target material and was irradiated in the internal circulating proton beam of the McGill 
82-in. synchrocyclotron. In all experiments, but the one at lowest energy, foils were 
irradiated in stacks of three, and the middle foil was used for the iodine yield deter- 
mination. Loss of fission fragments by recoil from the target foil was thus compensated 
for by gain of recoils from the neighboring foils. In the lowest energy bombardment 
(8 Mev) energy loss considerations precluded the use of more than a single foil. 

Upstream from the thorium was a monitor foil, again with a guard foil on both sides. 
For proton energies of 35 Mev and above, aluminum foils were used and beam intensities 
monitored via the Al"(p,3pn)Na™* reaction. The excitation function given by Hintz 
and Ramsey (13) was used with the cross-section scale reduced by a factor of 41/49, as 
indicated by the work of Crandall et al. (4). For lower energies copper monitor foils 
were used, the monitor reaction then being at 8 Mev, Cu®*(p,2)Zn® and at 26 Mev, 
Cu®(p,pn)Cu®™. Here the cross-section data of Meadows (17) were used, with the appro- 
priate scale correction. The leading edge and the top and bottom edges of the stack 
of six foils were aligned prior to bombardment by shearing with scissors after the foils 
had been clamped in the target holder. 

The foils were mounted on a water-cooled probe and inserted into the cyclotron tank 
to a radius appropriate for the desired proton energy, using the data of Kirkaldy (15). 
Bombardments of 10-20 minutes and beam currents of the order of 10" protons/cm? 
min were emploved. 


2. Chemical Processing and Measurement 

After rapid removal of the target from the cyclotron probe and transfer to the radio- 
chemistry laboratory, the thorium and monitor foils were sheared with scissors from the 
target clamp. This, together with the preliminary alignment described above, ensured 
that the monitor and target foils used in the experiment received the same flux. The 
middle target foil of the stack of three irradiated and likewise the middle monitor foil 
were selected for processing. 

Three timed-separations of iodine activity from the irradiated target foil were accom- 
plished by procedures previously described (8, 14, 34). The target foil was dissolved in 
concentrated hydrochloric acid, to which a known quantity of iodine (about 10 mg) 


ap 
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in the form of iodide had been added, and the last traces of residue were dissolved by 
addition of ammonium silicofluoride. The solution was then made up to volume and 
an aliquot taken for the first iodine separation. 

The aliquot was transferred to a separatory funnel and diluted with hydrochloric 
acid. An equal volume of carbon tetrachloride was then added, followed dropwise by 
10°> hydrogen peroxide to slight excess. The iodine produced was extracted into the 
carbon tetrachloride and the phases separated, the time from the end of the bombardment 
to the separation being noted. The iodine activity was purified by three cycles of extraction 
of iodine from the carbon tetrachloride layer by a saturated sulphur dioxide solution, 
followed by acidification of the aqueous extract with 6 MV nitric acid, reoxidation of the 
iodine with 1 M sodium nitrite solution, and re-extraction into carbon tetrachloride. The 
iodine was finally extracted from the organic layer with slight excess of SO, water, and 
the aqueous solution made up to volume. Aliquots (1%) were taken and mounted for 
tr-counting. The mounts used were 5-10 yg/cm? VYNS films coated with 2-5 yg/cm* 
of gold (22). A 100 X aliquot of the separated iodide solution was pipetted, followed by 
pipette washings, on to the film, followed by 100% excess of 0.1 M silver nitrate solution. 
The resulting colloidal silver iodide solution was then rapidly evaporated to dryness, the 
time at which the last of the solution disappeared being taken as the time of separation 
from xenon-daughter activities. The sample was then placed in a 4x-counter and the 
disintegration rate measured as a function of time by techniques described elsewhere 
(23, 24, 25, 26). Measurements were made first at 15-minute intervals, later less frequently, 
and extended for 5 to 6 weeks from the end of bombardment. 

Successive 1% aliquots from the separated iodine solution were mounted at intervals, 
6-hourly at first, thereafter daily until all 20-hour I'** had decayed and no further xenon- 
daughter activities were being produced. 

The time from the end of the bombardment to the first iodine separation was about 
20 minutes. Further iodine separations were performed on additional aliquots of the 
dissolved thorium solution 2—3 hours and again 2-3 days after the end of bombard- 
ment. The procedure followed in each case was the same as that described above. 

After the elapse of a time interval sufficient to allow substantial decay of iodine 
activity, semimicrogravimetric determination of iodine as AgI was performed on each 
of the three iodine solutions, to establish the chemical yields in the separations. The 
vields averaged about 70% so that the quantity of iodine carrier originally added resulted 
in less than 100 wg of AgI in the samples used for disintegration rate measurements. 

As soon as convenient after the end of the bombardment, the middle monitor foil 
was dissolved in an appropriate acid, nitric for copper, hydrochloric for aluminum. The 
solution was made up to volume and a suitable aliquot (0.1-1%%) mounted on a VYNS 
film for 4r-counting, as described above. Counting-rate measurements over several 
days followed by decay curve analysis allowed the counting rates of 38-minute Zn®, 
12.8-hour Cu®, and 15.0-hour Na* at the end of bombardment to be determined. 

It is well known that active iodine produced in the fission of uranium and thorium 
in the form of oxides and oxysalts does not exchange readily with carrier iodide. The 
chemical separation of iodine activity from uranium metal targets by a procedure 
involving oxidation of carrier iodide to iodine and extraction into CCl, is reported (14) 
to be 100% complete. It was felt desirable to check this behavior with thorium metal 
for possible use in the present work. Accordingly, an irradiated thorium metal target 
was dissolved as above in the presence of iodide carrier. Two aliquots were then taken 
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and an iodine separation was performed on each. One was treated by the procedure 
outlined above, and the other by the usual procedure for the separation of iodine from 
uranium oxysalts (8). The latter involved the oxidation of the iodine to periodate by 
sodium hypochlorite in sodium hydroxide solution, followed by acidification of the 
solution with nitric acid and reduction of the iodine to the elementary form with hydroxyl- 
amine. Yields from the two separations (after correction for carrier recoveries) were 
identical within experimental error. Consequently the faster separation by peroxide 
oxidation of the iodide was adopted, as detailed earlier. 


3. Results 

The iodine and xenon activities which might be expected to appear in a sample 
separated from the products of a fission reaction are listed, together with their decay 
characteristics, see Table I. The list does not include isotopes which, because of their 
very long or short half-lives, would not be detectable in the present experiments. 


rABLE I 


DECAY CHARACTERISTICS OF IODINE AND XENON ISOTOPES* 





Mode of Beta group energies Gamma transition energies 











Isotopes decay Half-life and abundances and abundances 
jiss B-,E.C. 25.0m 1.125 Mev 2.0% 0.455 Mev 17.2% 
1.665 Mev 15.5% 0.540 Mev 1.8% 
2.120 Mev 76.0% 0.750 Mev 0.31% 


oO 
0.990 Mev 0.29% 


ies 8 12. 5h 0.597 Mev 54% 0.409 Mev 8.8% 
1.02 Mev 46% 0.528 Mev 29% 


0.660 Mev 26% 
0.744 Mev 24% 
1.15 Mev 11.8% 


J131 8 8.05 d 0.250 Mev 2.8% 0.080 Mev 2.2% 
0.335 Mev 9.3% 0.284 Mev 5.3% 
0.608 Mev 87.2% 0.364 Mev 80% 
0.815 Mev 0.7% 0. 637 Mev 9% 
0.722 Mev 3% 
Xelsim IT 12.0d _— 0.163 Mev 100% 
[12 B- 2.3h 0.73 Mev 15% 0.528 Mev 10% 
09 Mev 20% 0.624 Mev 2.4% 
1.16 Mev 23% } 0.673 Mev 37.6% 
153 Mev 24% 0.777 Mev 32% 
2.12 Mev 18% 0.96 Mev 8% 
1.16 Mev 3.2% 
1.40 Mev 4.4% 
1.96 Mev 2% 
2.2 Mev 1% 
jis s- 20 9h 0.5 Mev 6% 0.53 Mev 94% 
14 Mev 94% 0.85 Mev 5% 
1.4 Mev 1% 
Kel IT 2.3d conv. @ (ak = 4.4) 0.233 Mev 100% 
(Formed in 2.4% of I" decays) 
Xel8 s~ 5.27 d 0.345 Mev 100% 0.081 Mev 100% 
[134 s& 52.4 m 1.6 Mev 70% 0.86 Mev 
2.8 Mev 30% 1.10 Mev 
1.78 Mev 
piss 8 6.75h 0.5 Mev 35% 18 Mev 
1.0 Mev 40% 1.27 Mev 
1.4 Mev 25% 
Xels 8 9.2h 0.55 Mev 3% 0.25 Mev 6% 
0.910 Mev 97% 0.36 Mev 0.1% 
0.604 Mev 3% 





*These data are ‘best values” derived from Nuclear Science Abstracts, National Research Council, Washington, D.C. 
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The mixture of activities obtained from each separation was checked for radiochemical 
purity in two ways. 

(a) Gamma-radiation Measurements 

Gamma spectra were observed from suitable aliquots of the iodine activity stock 
in. X lin. Nal (Tl) crystal with a Dumont 6292 photo- 
multiplier, an Atomic Energy of Canada Limited amplifier (AEP 1448), and a single 
channel pulse-height analyzer. Figure 1 shows the spectra obtained at various times 


solutions, by means of a 


after the end of bombardment from a sample of iodine separated at 24 minutes after 
the end of bombardment from a thorium target irradiated with 26-Mev protons. 
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Fic. 1. Gamma spectra of iodine + xenon fission product mixture at various times after the end of 
bombardment. 


The photopeaks are identified as to energy and isotope as indicated, and the positions 
at which other prominent y lines in the decay schemes of the various iodine or xenon 
isotopes would be expected to appear are indicated by arrows. 

It is seen that there are no features of the spectra which are inconsistent with the 
composition of the expected isotope mixture, either as to line energies or intensities. 
However, these measurements obviously do not constitute a very sensitive test for the 
presence or absence of activities other than those of iodine or xenon. 

(b) Beta-radiation Measurements 
The results of the analysis of beta-activity determinations, which are described below, 
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constituted a more rigorous check on the effectiveness of the iodine purification proce- 
dure. The analysis of the decay curves in terms of the published half-life values in 
Table I was always successful, and in no case were decay periods observed other than 
those corresponding to iodine or xenon isotopes. The purification procedure was conse- 
quently considered to be satisfactory. 

Figure 2 shows the analysis of a typical beta-decay curve obtained with a 4r-counter 
from iodine samples mounted as Agl as described earlier. The data are for the first 
sample separated from a target irradiated with 63-Mev protons. The open circles on 
the curve marked ‘iodine + xenon activity’’ represent observations made on a single 
sample mounted shortly after the end of the separation procedure. (The data presented 
extend over a 2-week period, but observations continued for a further month to assure 
positive identification of 8.05-day I'*'.) The closed circles on the curve marked “‘iodine 
activity"’ represent observations made on a series of samples (one per plotted point) 
freshly mounted in succession from the stock iodine solution at intervals as described 
earlier. Since the data plotted were obtained promptly after mounting, they give closely 
the iodine disintegration rates alone at the times indicated, free of xenon-daughter 
contributions. 


E (d/r 


JN RAT 


INTEGRATIC 





TIME FROM END OF BOMBARDMENT (HOURS) 


Fic. 2. Beta-decay curve of iodine + xenon fission product mixture. 


The standard deviations on disintegration rate measurements were in general less 
than 1°% and always less than the sizes of the plotted points. 

The iodine + xenon data are more complete than the pure iodine data, since the 
mounting of successive samples was time-consuming, and more frequent preparations 
could not be fitted into the experimental schedule. However, the data can be combined 
to improve the definition of the pure iodine disintegration rate curve. The points plotted 
as open triangles on the curve marked “total xenon activity”’ are the result of the sub- 
traction of one set of observations from the other, with the ordinate multiplied by 100 
for reasons of clarity. From 120 hours after bombardment this curve exhibits an exponent- 
ial decay with a half-period close to 5.27 days, corresponding to Xe™*. (The small scatter 
of the points, each representing a separate sample mounting, confirms the reproducibility 
of the procedure used.) From the intercept of the 5.27-day line with the ordinate, and 
from a knowledge of the time of separation and of parent half-life (20.9 hours), the 
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growth and decay curve of Xe'™ can be calculated. The early part of this curve is shown 
as a broken line. Subtraction of this curve from points at abscissa values less than 120 
hours gives new points which are well fitted by 9.2-hour Xe™ growing from 6.7-hour 
[', as indicated by the dashed line. Summing of these two curves gives the smooth 
total xenon curve. Interpolation from this curve makes possible the determination of 
xenon-daughter contributions to the total disintegration rate at times other than those 
at which fresh mountings were made. (Contribution of 2.3-day Xe!" formed in a rare 
decay mode of I'* to the observed xenon activity was apparently not large enough to 
disturb this method of treatment of the data.) 

Subtraction of the interpolated xenon activities from the iodine + xenon data now 
allows the pure iodine curve to be drawn iccurately between the observations made. By 
the usual method of successive subtractions the iodine decay curves can be analyzed 
clearly into 8.05-day, 20.9-hour, and 6.7-hour components corresponding to |, [', 
and I'® as shown in the figure. In experiments involving proton energies in excess of 
74 Mev the data are well fitted by the addition of a 12.5-hour component, corresponding 
to [ 180, 

After subtraction of these periods, the data at times less than 12 hours from end of 
bombardment showed an exponential decay with a half-life which varies between 1 and 
2 hours, presumably corresponding to a mixture of 52-minute I! and 2.3-hour I'®, 
which the subtraction technique cannot resolve. The resolution is effected by a method 


originally due to Ford (5), in which the data are fitted to the sum of two exponential 
terms of the form: 
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Fic. 3. Ford plot of beta-decay data for I! and I. 
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where A, is the combined activity at time ¢t, and ,;° and A2° are the initial activities 
of components | and 2. Then. 


Therefore in a plot of A, e?‘ versus e~°!- 2! using the disintegration rate versus time 


data for A, and the appropriate decay constants of I‘? and I'* for A, and Xe, the initial 
activities of the two isotopes are obtained as the slope of the curve and as the intercept 
with the ordinate axis respectively. 

Figure 3 shows a typical plot of this nature. The success of the fit was in all cases 
shown by the linear plot obtained, indicating the absence, over the time interval studied, 
of activities other than the two anticipated. In particular no deviation from linearity 
at small ¢ values was observed, indicating the absence of 25-minute [8 in the samples 
studied in these experiments. It should be emphasized that the success of the analysis 
procedure described is probably due in no small degree to the precision of the disintegra- 
tion rate measurements made by the 4z-counting technique, especially the relative 
precision of a series of measurements made on the same sample. 


TREATMENT OF THE DATA 

From the experimental observations described above, two types of cross-section data 
were obtained. First, from the disintegration rates of given iodine isotopes, measured 
in samples separated from the irradiated target at times long compared with precursor 
half-lives, cumulative formation cross sections could be calculated. Secondly, from 
similar measurements made on samples separated shortly after the end of bombardment, 
independent formation cross sections for some iodine isotopes and cumulative formation 
cross sections for some tellurium isotopes could be calculated. 

Our method of treatment of the data is essentially similar to that of Wahl (34). It 
differs in detail, because, particularly at higher bombarding energies, formation cross 
sections of the observed iodine isotopes are comparable with those of the tellurium 
precursors. This fact invalidates some of the approximations which are useful at lower 
energies. Likewise, in the comparison of fractional chain yields for various mass numbers, 
it is no longer reasonable to assume that iodine cumulative yields represented total 
yields of the respective masses. With increasing bombarding energies, an increasing 
fraction of these yields appears at atomic numbers higher than that of iodine. We have 
used published mass yield curves for the fission of Th**, U*%, and U8 by projectiles 
of various energies, together with suitable interpolations and extrapolations, to obtain 
the variation of total chain fission yield over the mass range studied. 

Che generalized relationship between the activity A,(7, ¢) of the mth member of a 
decay series, at a time ¢ after the end of a bombardment of duration 7, in which the 
first member is formed at a constant rate r has been given by Rubinson (28) in the 
form: 


A,(T,t) =r D> b(1—e*'7) 
i=l 
where 
Ay . ‘ 
eek Le ee ee 
| Bey (Gj n) 


and the A’s are appropriate decay constants. 
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15)) 
This expression is useful in the construction of activity vs. time relationships for 


iodine nuclides, particularly where isomerism exists in the tellurium precursors. Thus 
in the generalized case of a decay scheme of the form 


, 


Vs) 

4 

B’ 

Pe 

Ga Pa | 
7 





w <— 


as 


where o's and X’s are formation cross sections and decay constants respectively (A, B, 
and C in the present work would be antimony, tellurium, and iodine isotopes), the 
appropriate expression for the activity of C after given irradiation and decay times 
may be obtained by summing contributions from the following decay routes: 





oa Nay o's 
A B’ ——> C 

Ca Nay Aor Ns 
—> A —— B’ —— B —— C 
Ca Nae Np 

— A ——+ B —— C 

op Noe 

——+ FF ——— C 

op Nor Np 
— > B’ ——> B —— C 

or Np 
—— B —— C 

Cec 
—>» -C 


The assumption is implicit that the tin and earlier precursors of chains in the mass 
range 130-135 are too short-lived to have been observed in the present experiment. Their 
formation cross sections may be considered to add to those of the Sb precursors. In 


each case the rate of formation r in Rubinson’s expression is given by 
r, = No,f 


where N and f are the number of target nuclei and bombarding particle flux respectively 
and o¢, is the appropriate cross section. Fortunately, however, it was possible to work 
with simpler expressions for reasons which will be discussed for each mass number. 

A = 130.—]"® is shielded by stable Te'® from formation by decay of precursors. The 
activity observed at bombarding energies of 74 Mev and above was therefore due to 


direct formation. The independent formation cross section was calculated via the simple 
expression 


AN, = Nogf(l—e*?) ee". 
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The failure to observe I'*° at lower energies is assumed to have been due to the larger 


amounts of I'® formed which masked the activity. 





A = 131.—The decay scheme (9, 11) of the 131 mass chain up to iodine is as follows: 
Y Telsim 
5% | 28.8 hr 
Sn! —— > Sb 7 ~ [}31 ———> 
3.4 min 20.8 min va 26% Y 8.05 days 
95% ~~ bl 
“A Tels! we 


24.8 min 


For the purposes of the present work two simplifications were made. First, the 5©@ branch 
in the decay of Sb'* leading to the metastable state of Te'' was neglected in view of 
the comparatively long half-life of Te'!". Second, the 26°% isomeric transition of Te!” 
was ignored, and all of the decay of this body was taken to proceed directly to ['*!. This 
is expected to have little effect on the calculations (34), since, at short times after the 
end of bombardment, little of the Te!" will have decayed by either path, and after 
long times the effect of the 24.8-minute half-life of Te’! will be negligible. 
Thus the approximate decay scheme is now 
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and the corresponding expression for the activity of I'', obtained as outlined above: 
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For each bombarding energy, this expression was used to obtain three equations 


relating og, ¢», ¢-, and og by insertion of the decay-constant values for the 131 chain 
the irradiation time 7, the measured values of V and f, and also the three measured 
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iodine disintegration rates corresponding to the three separation times. A unique solution 
for the value of o«, was not obtainable, but an approximate value was obtained by a 
further series of simplifications. 

First, from the data from two samples separated several hours and 3 days respectively 
after end of bombardment, the values of ¢,+0,+0,.+6, and of og alone were calculated 
under the assumptions: 

(i) o4 = ogtoyto-; 
(i) oe = 4¢5; ¢, = 0: 


(ial) oy = 486% Ce = Ga; 


(iv) oo, = oy = 4e>». 

The value of ¢, was assumed to be about four times that of ¢,, as was found by Glen- 
denin (9) in the thermal fission of U?*. The value of ¢,+¢0,+0¢.+0¢,4 was found to be 
unchanged from one assumption to another to within 5° and the value of o, to within 
somewhat smaller limits. 

By means of an average of the values calculated, an upper limit on ¢, was now calcu- 
lated under the extreme assumption that ¢, = ¢, = 0, and an upper limit on ¢,, under 
the assumption that o, = o, = 0. Calculations were also made for o, and o, under 
the intermediate assumptions o, = o, = o, and o, = 0, o) = a,. From these results 
mean values were obtained for ¢, and o, together with some indication of the magnitude 
of the associated uncertainty. The uncertainty in the I'* formation cross section (¢,) 
and in that for Te! (¢,+0¢,) from this source was far greater than the uncertainties 
arising from other sources in the experimental technique. 

A = 132.—The decay scheme is as follows: 

Sb'®? ——__. Tel? —_, i= 


2 min 77.7 hr 2.26 hr 


In the present experiment, the time between the end of the irradiation and the first 
iodine separation was long compared with the Sb'® half-life. Consequently only a 
cumulative cross section for Te’ was obtained, together with an independent formation 
cross section for I'*. The appropriate activitity—time expression is 


A\V(T,t) = ted] (l—e 7) a (1—e") om] 
bd a a bd 


+Nof(l—e*”) e*** 
-1 = 133.—The 133 chain decay scheme is as follows (20): 


Telsim 
A 


92% ZA 63 min 


oe 
Sb! : [133 
| 4.4 min Gert | 20.5 hr 
t 8% i Y 
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Tess 
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Again, the time of 20 minutes between end of bombardment and the first iodine separation 
é made it impossible to obtain independent yield information about I'* or about the Te'™ 
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ground state. Consequently, only cumulative formation cross sections for I'* were 
calculated, using disintegration rate data from samples separated 3 days after the end 


of bombardment and the expression given above under A = 130. 
l 134.—From the decay scheme 
Sp a [Tel34 alt ['4 
0.8 min $4.5 min 52.4 min 


it is clear that the 20-minute separation time was in this case too long compared with 
the Sb" half-life and indeed rather long compared with the Te" half-life for the purposes 
of obtaining accurate independent yield data. However, the data from the 20-minute 
and 2-3-hour separations were analyzed using the activity-time expression given for the 
132 chain, and independent formation cross sections calculated for I". 

A = 135.—The precursors of I'* are not known and are presumably of very short 
half-life. Therefore, only a cumulative cross section for this isotope was obtained in 
this work, by means of the activity-time expression given above under 4 = 130. 

RESULTS 

The results of the analysis outlined above are presented in Figs. 4, 5, and 6 in the 
form of excitation functions, independent or cumulative formation cross sections being 
designated oq OF Gcum respectively. Also on these figures are included, for comparison, 
excitation function data of Tewes and James (33) for the total proton-induced fission, 
with an ordinate scale as indicated to the right of the figure. The initial rise with energy 
of all the cross sections measured in this work is clearly associated with the corresponding 
rise in the total fission cross section. The decreasing cross sections at higher energies 
reflect the broadening and shift of the charge distribution, which will be demonstrated 
below. 

The uncertainties associated with the cross-section data presented are estimated to 
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Fic. 4. Excitation functions for production of I'°, I, and Te! in Th?” (p,f) reaction. 
Fic. 5. Excitation functions for production of Te! and I in Th®* (p,f) reaction. 
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Fic. 6. Excitation functions for production of I', I', and I! in Th? (p,f) reaction. 


be as follows: the exact proton energy at which the bombardment was made is uncertain 
due to energy spread in the cyclotron beam and to uncertainties in the calculated value 
of the energy loss in the target itself (2). Nevertheless, the beam energy was probably 
known to 2-5 Mev. The uncertainty in the cross-section values results from uncertainties 
in the original disintegration rate measurements (<1%), in the graphical decay curve 
analysis and associated extrapolations (5-10%), and from sources described earlier in 
the treatment of the activity data. The over-all uncertainty is thought to be 15-20%. 

The cross-section data were converted into charge distribution curves for five bom- 
barding energies by means of the mass yield data available in the literature and the 
total Th®® (p,f) cross-section data of Tewes and James (33) and of Steiner and Junger- 
man (32). The product of the fission yield for a given mass A and the total fission cross 
section gives the cumulative formation cross section for mass A. The division of the 
independent formation cross section for a given isobar of mass A by this cumulative 
formation cross section then gives that fraction of the mass chain formed directly as 
the particular isobar. These fractional values for the various iodine and tellurium nuclides 
were correlated in a plot versus the nuclide’s displacement from stability along the 
isobaric chain. The assumptions implicit in such a correlation are that the distribution 
of yields along a chain is the same for chains of different mass, and that the displacement 
from: stability of the charge value at which the highest yield occurs is independent of 
chain mass. Both assumptions are probably reasonable over the narrow region of mass 
(130-135) studied. 

Tewes’ and James’ data (33) for the proton-induced fission of Th?” at energies of 8.0 
and 21.1 Mev were used in conjunction with our data at 8 and 24 Mev, the mass yield 
data at 8 Mev being further checked by interpolation between the data of Wahl (34) 
on the 0-Mev (thermal) and 14-Mev neutron-induced fission of U?*. In the treatment 
of data in this paper at energies of 45 Mev and above, we have assumed that over the 
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mass range 130-135 the total chain yield was independent of mass number and energy 
at a value close to that indicated by Newton (18). Consideration of his results and of 
mass yield data at much higher energy (19) indicates that this assumption is probably 
not in error over the present energy range by more than +10°%. 

The error introduced by using mass yield data from projectile target systems other 
than the Th* + proton system is probably small. The mass range studied in this work 
includes nuclides on the heavy peak of the fission yield curve, the position and height 
of which changes little with changing target mass number and like parameters. 

The charge distribution curves for 8-, 24-, 45-, 64-, and 87-Mev proton energies are 
shown in Fig. 7, in which the fraction of the chain yield is plotted as ordinate against 
Z,—Z as abscissa, where Z, is the Z-value corresponding to the minimum potential 
energy (maximum beta stability) for a given A (21). In this plot neutron-excess nuclides 
lie to the right of the figure and neutron-deficient ones to the left. The location of the 
Gaussian distribution plotted in each case was determined so that the area under it 
summed to unit total chain yield, and also so that the independent yields of Te’, 1'%, 
and I'> and their precursors, as obtained from the curve, summed to a value for the 
corresponding cumulative vields close to that measured experimentally. This latter is 
a sensitive criterion for location of the curve, and renders it much more certain than is 


at first apparent. 
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Fic. 7. Charge distribution curves in the Th** (p,f) reaction at proton energies between 8 and 87 Mev. 
The five charge distributions are shown assembled on Fig. 8, together with the curve 
of Glendenin (7) and Pappas (21) for thermal fission of U**, of Wahl (34) for 14-Mev 
fission of U2, of Aagaard et al. (1) for the 170-Mev proton-induced fission of uranium, 
and of Lavrukhina and Krasavina (16) for the 480-Mev proton-induced fission of 
uranium. The yield data of Aagaard et al. have been converted to a charge distribution 
in the manner outlined above, and those of Lavrukhina and Krasavina have been 
renormalized to give a distribution summing to unit chain yield. The position of the 
170-Mev curve on the ordinate scale below the other curves is due to the fact that 


Aagaard et al. fitted their data to a wider distribution than those used by the other 


authors. The position of their curve on the abscissa scale in relation to the others pre- 
sented, which is of more significance, is not affected by the normalization to unit chain 


vield. 
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In Table II the displacement of the maximum of the charge distribution from 
stability and the “half-width” of the distribution are tabulated with bombarding energy. 
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Fic. 8. Assembled charge distribution curves for thorium and uranium fission between 0 and 480 Mev 
bombarding energy. 


DISCUSSION 


The data in Table II show two effects. With increasing energy of bombarding particle, 
the charge distribution is observed to move towards stability, rapidly at first and then 
more slowly at higher energies. Secondly, while the width of the distribution remains 
approximately constant up to 25 Mev, at higher energies it shows evidence of increasing 
with increasing energies. 

These effects may be rationalized in terms of a two-step model for nuclear reactions. 
In this model the projectile undergoes an initial rapid (~10-*! second) interaction with 
the target nucleus. The interaction will be predominantly the formation of a compound 
nucleus (3) for energies up to approximately 50 Mev. As the energy is raised above 
50 Mev interaction with individual nucleons (12, 29) associated with prompt ejection 
of some nucleons becomes increasingly important. After this initial stage has terminated, 
the excitation energy deposited is dissipated in a second slower stage, largely by a 
particle-emission process described as nuclear evaporation, with which fission competes 
in heavy nuclei. 

The shift of the charge distribution with increasing energy, which corresponds to a 
decrease in neutron/proton ratio of the fission products studied, is then interpreted as 
reflecting a decrease in the n/p ratio for the nuclide undergoing fission. This will be 
caused by increasing particle evaporation (predominantly neutron emission at moderate 
energies with heavy targets) prior to fission. Alternatively, the decrease in the n/p 
ratio of the fission products may, to some extent, be due to neutron evaporation after 
fission. 
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TABLE II 


DISPLACEMENT OF CHARGE DISTRIBUTION MAXIMUM 
AND HALF-WIDTH OF DISTRIBUTION AS A FUNCTION 
OF BOMBARDING ENERGY 








Displacement of 





Bombarding distribution Half-width of 
energy maximum distribution 
(Mev) (units of Z) (units of Z) 

0 3.4 2.2 
8 3.1 2.2 
14 3.7 2.2 
25 2.4 2.2 
45 2.0 2.5 
64 1.9 2.8 
87 1.8 3.2 
170 1.4 — 
480 1.0 3.0 





An increased width of charge distribution at higher energies is expected from the 
same picture, since a proliferation of both nuclear cascade and nucleon evaporation 
would lead to a wider distribution of fissioning nuclei and hence wider distribution 
of n/p values in the fission products. 

Detailed interpretation in terms of calculations based on models of the nuclear cascade 
and nucleon evaporation processes will be presented in the succeeding paper. 


REFERENCES 

1. AAGAARD, P., ANDERSSON, G., BURGMAN, J. O., and Pappas, A. C. J. Inorg. & Nuclear Chem. 5, 
105 (1957). 

2. ow W. A., HorrMan, B. G., and Wittiams, F.C. U.S. Atomic Energy Comm. Rept. AECU-663 
1951). 

3. Bour, N. Science, 86, 161 (1937). 

4. CRANDALL, W. E., MILLBURN, G. P., PYLE, R. V., and BirNBAuM, W. Phys. Rev. 101, 329 (1956). 

5. Forp, G. P. Private communication to A. C. Wahl (ref. 34). 

6. GLENDENIN, L. E., Coryeit, C. D., and Epwarps, R. R. Phys. Rev. 75, 337 (1949). 

7. GLENDENIN, L. E. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, Mass. 1949. 

8. GLENDENIN, L. E. and Metcatr, R. P. Natl. Nuclear Energy Ser. Vol. 9, Div. IV, Paper 278, Book 
3 (1951). 

9. GLENDENIN, L. E. Private communication. 1957. 

10. GOECKERMANN, R. H. and PERLMAN, I. Phys. Rev. 76, 628 (1949). 

11. HEBB, E. Phys. Rev. 97, 987 (1955). 

12. HEISENBERG, W. Naturwiss. 25, 749 (1937). 

13. Hintz, N. M. and Ramsey, N. F. Phys. Rev. 88, 19 (1952). 

14. Katcorr, S., DILLARD, C. R., Finston, H., FINKLE, B., SEILER, J. A., and SuGARMAN, N. Natl. 
Nuclear Energy Ser. Vol. 9, Div. IV, Paper 280, Book 3 (1951). 

15. Kirxaupy, J. S. Ph.D. Thesis, McGill University, Montreal, Que. 1953. 

16. LavruKHINA, A. K. and k.rasavina, L. D. J. Nuclear Energy, 5, 236 (1957). 

17. Meapows, J. W. Phys. Kev. 91, 885 (1953). 

18. Newton, A. S. Phys. Rev. 75, 17 (1949). 

19. O'Connor, P. R. and SeaporG, G. T. Phys. Rev. 74, 1189 (1948). 

20. Pappas, A. C. Phys. Rev. 87, 162 (1952). 

21. Pappas, A. C. Ph.D. Thesis, Massachusetts Institute of Technology, Cambridge, Mass. 1953. 

22. Pate, B. D. and Yarrr, L. Can. J. Chem. 33, 15 (1955). 

23. Pate, B. D. and Yarre, L. Can. J. Chem. 33, 610 (19535). 

24. Pate, B. D. and Yarre, L. Can. J. Chem. 33, 929 (1955). 

25. Pate, B. D. and Yarre, L. Can. J. Chem. 33, 1656 (1955). 

26. Pate, B. D. and Yarre, L. Can. J. Chem. 34, 265 (1956). 

27. PRESENT, R. D. Phys. Rev. 72, 7 (1947). 

28. RuBINson, W. J. Chem. Phys. 17, 542 (1949). 

29. SERBER, R. Phys. Rev. 72, 1114 (1947). 

30. STEINBERG, E. P. and FREEDMAN, M. S. Natl. Nuclear Energy Ser. Vol. 9, Div. IV, Paper 219, 
Book 3 (1951). 

31. STEINBERG, E. P. and GLENDENIN, L. E. Phys. Rev. 95, 431 (1954). 

32. STEINER, H. M. and JUNGERMAN, J. A. Phys. Rev. 101, 807 (1956). 

33. Tewes, H. A. and James, R. A. Phys. Rev. 88, 860 (1952). 

34. WanL, A. C. Phys. Rev. 99, 730 (1955). 

35. Way, K. and WiGcNErR, E. P. Phys. Rev. 73, 1318 (1948). 








ee ee 








FISSION OF EXCITED HEAVY NUCLEI? 


B. D. PATE 


ABSTRACT 


The results of published calculations on the prompt nuclear cascade and nuclear evaporation 
processes are combined with some assumptions regarding the nuclear fission process and 
fission widths to calculate the average neutron-to-proton ratios of fission products from 
Th + 8-Mev protons, Th + 87-Mev protons, and U + 450-Mev protons. Comparison of the 
results with experimental data indicates that the fission charge distribution mode character- 
ized by the equal charge displacement hypothesis, hitherto considered a low energy pheno- 
menon, persists in uranium and thorium up to the highest energy studied. There is also 
some evidence that fission occurs in excited heavy nuclei before complete de-excitation by 
particle emission, in agreement with other experimental work. 


A. INTRODUCTION 
Particle evaporation (30) and fission predominate during the de-excitation of heavy 
nuclei excited to energies above a few million electron volts. These two processes are 


expected to compete at each step during the de-excitation in the sense of the following 
scheme (25): 


: ee. particle _ particle 
—_—_—_e (2") 2 (E") ee 2 " (E’) )} eee 28) 
| emission | emission | emission 
7 a - Pp 
fission y fission y¥ fission y fission 


in which a nucleus of mass 4 excited to energy E evaporates particles to form successively 
nuclei of masses A’, A’’, etc. and energies E’, E’”’... with fission as an alternative to 
each particle evaporation step. The decrease in excitation energy per step, E—E’, E’-E”, 
etc., equals the binding energy of the particle evaporated plus, in each case, the (variable) 
kinetic energy it carries off. The fragments from the fission of a nucleus of a given excita- 
tion energy E will themselves share in some way an excitation energy close to E, and 
may de-excite by further particle emission. 

The relative probability that a nucleus in a given energy state de-excites via a specific 
reaction path is commonly described in terms of a partial ‘“‘width’’ of the state for that 
reaction. Thus the competition between fission and particle emission from a given nucleus 
at a given energy may be expressed as a ratio I',/T evap, where I’, is the fission width and 
Tevap is a sum of particle emission widths 


DP evap = Pot) tlatlirlet ... ‘ 


The ratio is expected to be a function of nuclear charge, mass, and excitation energy. 
Fission-evaporation competition has been the subject of a number of previous studies, 
among the more recent being investigations with transuranium nuclei excited to energies 


up to 40 Mev (27, 28), and with thorium bombarded with protons of energies up to 
100 Mev (3). 


1Manuscript received July 22, 1958. 
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Interpretation of the experimental data is complicated by several factors aside from 
the complexity of a reaction scheme such as that illustrated above, for example, post- 
fission evaporation of nucleons from the fragments. Also a study of fission products 
gives only averaged information for the fission of the series of nuclei of different charge, 
mass, and excitation energy in the de-excitation chain. 

Furthermore, as the bombarding energy is raised, the character of the initial nuclear 
interaction, which produces the excited nuclei whose de-excitation is to be studied, also 
changes. In addition to compound nucleus formation (2), characterized by the formation 
of a single nuclear type excited to a unique energy, reactions proceeding via direct 
interaction with individual nucleons (23) are observed. In some circumstances, the latter 
process occurs to a significant extent at energies as low as 14 Mev (14). It becomes more 
important with increasing energy and predominates above about 50 Mev. 

Since such single nucleon reactions between target and projectile occur with the 
transfer of a variable amount of energy, generally less than the maximum available, 
and result in the prompt emission of a variable number of nucleons, de-excitation 
cascades such as that illustrated above begin from a range of nuclear charges, masses, 
and excitation energies. 

Some previous attempts (1, 24) to interpret experimental data, making various 
assumptions regarding variation of T,/Teyap with A, Z, and E, have suffered from lack 
of information regarding the nature of the prompt part of the nuclear interaction. The 
present work has the benefit of the results of detailed calculations which have been 
made both of the prompt initial nuclear interaction (17, 18) and of the evaporation 
process as it would occur in the absence of fission competition (5). It also differs from 
many previous studies in that it employs data on the nuclear charge distribution of 
fission products. The particular data used are those reported in the previous paper (20) 
for thorium irradiated with protons of 8- and 87-Mev energy, and those of Lavrukhina 
and Krasavina (15) for uranium with 480-Mev protons. 

The following approach is used in the calculations. The distribution in nuclear charge, 
mass, and excitation energy at the end of the prompt interaction are obtained by assuming 
compound nucleus formation where appropriate, and elsewhere from the Monte Carlo 
calculations of Metropolis et al. (17, 18). These calculations, while being of the same 
general type and employing the same crude nuclear model (degenerate Fermi gas in a 
sharply defined nuclear potential) as previous calculations (10), nevertheless benefit 
from a three-dimensional relativistic treatment and good statistics. Their results are 
in reasonably good agreement with experiment (17, 18) and appear to be fairly reliable 
when used for the present purposes. 

Next the Monte Carlo calculations of Dostrovsky et a/. (5) are used to compute the 
course of evaporation cascades from each point in the 4, Z, and E distribution at the 
end of the prompt cascade. These evaporation calculations have been made using the 
LeCouteur formalism (16) and do not take fission competition into account. The effect 
of the choice of input parameters for these calculations on the results obtained has not 
yet been completely investigated, and the results of the present analysis are uncertain 
to that extent. Parts (i) and (ii) of the calculations that follow (energies 8 anc 87 Mev) 
are expected to be the least uncertain, since the nature of the evaporation reaction in 
heavy elements at excitation energies below 100 Mev (almost exclusively neutron 
emission) and the average de-excitation per particle emitted are not very sensitive to 
the choice of nuclear model and parameters that may reasonably be made. The same 
is not true for higher energies, and Part (iii) of the analysis, employing the results of 
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evaporation calculations for excitations of up to 480 Mev, has been made with those 
results obtained with a choice of parameters that seemed to lead to the best agreement 
with other experimental data. The parameters include a coulomb barrier independent 
of excitation energy with barrier penetration introduced in a manner similar to that 
used by LeCouteur (16), and a nuclear energy level density given by 


en — C p2(0-14xB)} 
w=Ce* *, 


where A is the mass number and C is a constant. The results of Part (iii) should be 
considered in the light of this uncertainty in the evaporation reaction calculations. 

Fission competition has been introduced in the present analysis by means of three 
assumptions: 

(1) T,/(Ty+T evap) increases sharply from zero to unity as the Z?/A ratio is raised 
through some critical value. This step-functional behavior is illustrated in Fig. la, 
and it may be compared with the previously reported experimental results shown in 
Fig. 16 where the solid line is taken from the data of Seaborg (1) and the broken 
line from those of Huizenga (13). 











40 





Fic. 1. Variation with Z?/A of ratio of fission width to sum of fission and neutron widths for heavy 


elements. (a) Variation assumed in present calculations. (b) Experimental data (solid line from ref. (1), 
broken line from ref. (13)). 


(2) Excitation energy of a fissioning nucleus is not (or is only to a small extent) trans- 
formed into kinetic energy of the fission fragments, or into electromagnetic radiation, 


but goes into excitation of the fragments (6) being divided between them in the ratio 
of their masses. 
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(3) On the average, 2.5 “‘fission’’ neutrons are emitted regardless of energy or fission 
mode. There is no information regarding the variation of the average number of fission 
neutrons (¥) with excitation energies above a few million electron volts, other than that 
given by Harding and Farey (11), who interpreted their experimental data for uranium 
bombarded with 147-Mev protoris in terms of a 9 value of 2.5+1.0. Further there exist 
few data on the variation of > with nuclear type (and then only for thermal energy 
or spontaneous fission (4, 12)) and there is no information regarding the variation of 7 
with charge division mode. Thus the assumption of the constancy of % under all con- 
ditions seems the most reasonable working assumption that can be made at present. It 
should be noted that a change in > of unity would produce a change in fission product 
neutron-to-proton ratio of about 0.01 (see later). 

In the calculations that follow, the results of the variation of several parameters will 
be investigated. These parameters include the critical Z?/A value at which the sharp 
increase in the [,/([',+I,) function occurs, the energy dependence of I,/(I',+T,) 
(assumed to be one of two limiting forms) and the mode of distribution of nuclear 
charge in fission. Experimental evidence has been cited in the litera_ure for two charge 
distribution processes, namely the equal charge displacement (ECD) process (7, 8, 19) 
and the unchanged charge distribution (UCD) process (9). The former, observed to 
account well for independent yield data for the products from the fission of U** at 
thermal energies and at 14 Mev (29), is based on the postulate that the most probable 
nuclear charges of complementary fragments will be equally displaced from the charge 
value corresponding to stability for their respective masses. That is to say 


Zp = Z4-WZa4Zia,-+-4)—-Zy), 


where Z, is the most probable charge for a fragment of mass 4, Z,4 is the stable charge 
for mass A, A; and Z,; are the mass and charge of the fissioning nucieus, and 7 as before 
is the average number of prompt fission neutrons. This process implies a rearrangement 
of nucleons prior to or during the fission act, and is commonly assumed to be a low- 
energy process. The unchanged-charge-distribution mode of fission (first postulated by 
Goeckermann and Perlman (9) to occur in the fission of bismuth with 190-Mev deuterons) 
produces fragments whose most probable neutron-to-proton ratio is the same as that 
of the fissioning nucleus. This implies that the nucleonic rearrangement indicated in 
ECD-type fission does not take place, and UCD is considered characteristic of ‘‘fast’’ 
or ‘“‘high-energy”’ fission (9). 

Comparison between the predicted and observed neutron-to-proton ratios of primary 
fission products will then be made in order to determine which of the various choices of 
parameters best fits the data. 


B. CALCULATIONS AND RESULTS 
The , p ratios resulting from calculations based on the assumptions described above 


are compared with the observed most probable n/p ratio for fission products in the 
mass range 130-135 as reported (20) for the systems 


(i) Th? + 8.0-Mev protons, 
(i) Th** + 87-Mev protons, 


and for fission products of masses 90 and 130 as reported (15) for 


(iii) U**8 + 480-Mev protons. 
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(t) Th? + 8.0-Mev Protons 

The assumption of compound nucleus formation in this case is probably a good one. 
Consequently we must consider the de-excitation of Pa** with an excitation energy 


>. ££ "y 
E = Exinetie =e proton binding» 
13.6 Mev, 


since the proton-binding energy in Pa** is &.6 Mev (22). Thus we have the reaction 
scheme shown in Fig. 2; only neutron emission is considered for the evaporation reaction, 
since coulomb barrier effects render charged particle emission highly unlikely. The 
neutron-binding energies in Pa®** and Pa*™ are 6.6 and 4.2 Mev (22) respectively so that 
formation of Pa™! is energetically possible. However, the evaporation calculations 
indicate that, in this region of charge, mass, and energy, the most probable de-excitation 
via neutron evaporation is greater than 9 Mev. Consequently the reaction would seldom 
proceed past Pa”. 








n n 
Pa?! 232 Pa® 
(EN) emission /5.,,) emission (E'=13,6 Mev) 
fission fission fission 
/ P 
7 7 7 
Th 


Fic. 2. De-excitation of Pa** excited to 13.6 Mev. 





Table I shows the n/p ratio calculated for both the ECD and the UCD mechanisms 
for the system of Fig. 2. The fission of Pa®** excited to 13.6 Mev is considered to lead to 
fission fragments sharing an excitation energy of about the same magnitude (see assump- 
tion (2)). Thus there is a significant probability for the evaporation of a neutron from 
each of the fission fragments, since the average neutron-binding energy in the iodine 
isotopes of mass 130-135 is about 7.4 Mev (22). This would reduce the n/p ratio calculated 
via ECD to 1.560 and via UCD to 1.514. 


TABLE I 
CALCULATED AND EXPERIMENTAL AVERAGE NEUTRON TO PROTON 
RATIOS FOR FRAGMENTS OF MASS 130-135 FROM THE FISSION OF 
Th? witH 8-MEV PROTONS 








n/p n/p 
Fissioning Calculated Calculated 





nucleus via ECD via UCD n/p observed 
Pa? 1.579 1.533 
Pa? 1.570 1.522 1.566+0. 004 
Pa*! 1.560 1.511 





The experimental data in the preceding paper give a /p ratio of 1.566+0.004. Thus 
they appear to be consistent with the fission of Pa** via an ECD mechanism, perhaps 
with some contribution from ECD-type fission of Pa"! and Pa**, and to be inconsistent 
with UCD-type fission. 


(i) Th? + 87-Mev Protons 
The experimental data for this system will be compared with an analysis starting 
with the results of prompt cascade calculations for 83-Mev protons incident upon 




















































1712 CANADIAN JOURNAL OF CHEMISTRY. VOL. 36, 1958 





Us. (The difference in energy is neglected and the difference in target characteristics 
is taken into account by introduction of appropriate shifts in charges and masses of 
the reaction products.) 

Figure 3 is a section of the chart of nuclides (Z plotted versus V) with the course of 
the reactions indicated on it. Immediately beiow the symbol and mass number for each 
nuclide are given its mp and Z*, A ratios. The Th®* target nucleus is enclosed by Gouble 
lines, and the distribution of products from the prompt interaction (17) is given by th 
numbers (relative frequencies) in square boxes. The total number of cascades follow ed 
in the prompt interaction calculation was 1258 (in addition to those in which nuclear 
transparency was indicated). In addition to the number distribution given for each 
nuclide the excitation energy spectrum is available from the calculations (17). This is 
generally a continuous distribution except in the case of Pa®*, which is the compound 
nucleus product and is therefore excited to a unique energy. 

The evaporation calculations (5) for heavy nuclei excited to 75 Mev indicate that 
99.7°° of the evaporated particles are neutrons. Consequently charged particle evapora- 
tion will be neglected. Also the average de-excitation per evaporated neutron is 9.2 Mev; 
the value shows no systematic trend with nuclear excitation in this energy region. Conse- 
quently a further simplification will be made, namely that all neutrons carry off exactly 


Fig. 3, and leads to the final nuclide distribution shown by the unboxed numbers. (With 
the simplification used, the de-excitation of Pa** leads to emission of 9} neutrons so 
that the 520 events are divided equally between Pa?’ and Pa**. Similar adjustments 
are made elsewhere as required. ) 

Che incorporation of fission competition in the calculations must now be considered. 
he approximations made thus far would seem to make an analysis as sophisticated as 


rhe results of the calculation are compared with the experimental data in Tabie II. 


130-135 are listed both for the fragments initially formed by the fission act, still excited, 
and for these fragments after de-excitation by neutron emission. The average number of 
neutrons emitted was obtained by using average neutron-binding energy values appro- 
priate to iodine nuclides in the indicated mass range (22) plus an estimated most probable 





In Part 2 of Table II, the average n/p ratios calculated for fission fragments of mass’ § 
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this energy. The evaporation reaction proceeds as indicated by the horizontal lines in : 


that by Batzel (1) or Vandenbosch et a/. (28) of doubtful value. Instead we shall examine j 
two situations. i 

(1) The dependence of [', Tl, on energy is greater than the dependence on nuclear 
type (specifically on the fissionability parameter Z*, 4). That is, increasing energy favors | 
neutron emission sufficiently so that fission does not take place until the excitation 
energy is reduced below the neutron-binding energy at the end of the evaporation ' 
cascade. 

(2) T, T, is essentially independent of energy, but varies sharply with Z*?, A as 
described earlier and illustrated in Fig. la. ' 

Again, both ECD- and UCD-type fission are to be considered, the n/p ratio resulting | 
from the fission of each nuclide via the two mechanisms being calculated. The values } 
are then weighted using the number distributions indicated for situations (1) and (2) [ 
above and averaged to give the mean n/p ratio expected for fission products of mass 
130-135 in each case. The variation of total fission chain yield with mass number over i 
the energy range and mass range considered is small enough to be neglected in the’ [ 
averaging. i 
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neutron kinetic energy. In Part 1 fission is considered to take place in de-excited nuclei 
only, so that the fission fragments are considered to have excitation energies less than 
the neutron-binding energy. 


rABLE II 


CALCULATED AND EXPERIMENTAL AVERAGE n/p RATIOS FOR THE PRODUCTS OF THE FISSION OF Th™ WITH 
87-Mev prorons—Mass No. 130-135 


1. Fission occurs after de-excitation by neutron emission in nuclides with greater than given Z?/A value 











Z?/A greater than ECD-type fission 








37 1.478 1.423 
36.6 1.491 1.435 
36.3 1.497 1.441 
36.0 1.499 1.445 
35.5 1.506 1.450 
35.0 1.511 1.458 
34.5 1.512 1.459 


Experimental value 1.502 





2. Fission occurs at given Z?/A value before complete de-excitation 











ECD-type fission UCD-type fission 











n/p ratio of n/p ratio of n/p ratio of n/p ratio of 

initial fission fragments after initial fission fragments after 
Z*/A fragments de-excitation fragments de-excitation 
37.0 1.478 1.478 1.423 1.423 
36.6 1.510 1.491 1.456 1.445 
36.3 1.519 1.481 1.478 1.456 
36.0 1.547 1.499 1.500 1.478 
35.5 1.569 1.506 1.525 1.488 
35.0 1.574 1.512 1.529 1.493 
34.5 1.577 1.513 1.531 1.494 


Experimental value 1.502 








It is seen that the experimental n/p ratio is consistent with that calculated with 
the assumption that ECD-type fission occurs either during or at the end of de-excitation, 
in nuclides with Z?, A values greater than 36.0. The , p ratios calculated for UCD-type 
fission under various conditions are all inconsistent with the experimental value. 

This conclusion is consistent with two other data. First, a Z?/A value of 36.0 corre- 
sponds to a T/T, value of nearly unity (1, 13), i.e. fission and neutron emission are 
roughly equally probable. Hence, that critical Z*, 4A value of the step function assumed 
for T, (C,+T,,) which gives results most consistent with experiment, corresponds roughly 
to the mid-point of the T, ([!,+T,) functions reported previously which were based 
on other experimental evidence. 

Second, we may calculate the cross section for the Th** (p,f) reaction to be expected 
on the basis of the assumption that all nuclides of Z?/4 greater than 36.0 undergo 
fission. The total number of prompt interaction events followed in the Monte Carlo 
calculation (17) was 1336, of which 978 were found to give nuclides which were presumed 
to undergo fission. The geometric cross section for Th? is 2.0 10-*4 cm? for a nuclear 
radius parameter, ro = 1.3X10-' cm. The fission cross section is then expected to equal 


oy = ar’ X (9781336) 
1.4 10-** cm? 
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7 
the value at 80 Mev is expected to be 1.1X10-* cm? by extrapolation from published 
values at lower energies (26). 

One further comparison with experiment may be made—namely the charge distri- 
bution for fragments of mass 130-135 may be calculated and compared with the charge 
distribution obtained from the mass distribution observed experimentally (20) for iodine 
isotopes. The calculation was made under the assumption that the charge distribution 
resulting from the fission of a single nuclide in this energy range is the same as that 
observed from the fission of U® with thermal and with 14-Mev neutrons, with Z, calcu- 
lated via the ECD mechanism. The charge distribution resulting from the fission of a 
range of nuclides is then the sum of the separate distributions weighted by the number 
distribution for the fissioning nuclides (i.e. those of Z?/A greater than 36.0) deduced 
from the above analysis. The calculated and observed distributions are shown in Fig. 4. 
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Fic. 4. Experimental and calculated fission product charge distributions in fission of Th* induced by 
83-Mev protons. 


It is seen that the experimental distribution is wider than that calculated (although 
the Z, values agree). This presumably reflects among other things the effect of one 
simplification made in this part of the analysis, namely that neutron-emission results 
in the loss of a constant amount of energy. Incorporation of a more realistic distribution 
of neutron-emission energies would presumably lead to a wider number distribution of 
fissioning nuclei, and hence a wider charge distribution. 








1716 CANADIAN JOURNAL OF CHEMISTRY. VOL, 36, 1958 


(it) U8 + 480-Mev Protons 

The experimental data for this system will be compared with the results of an analysis 
starting with the prompt cascade calculations for 450-Mev protons incident on U** (18). 
Figure 5 shows again the Z versus .V plot with the target nucleus enclosed in heavy 
lines. The frequency distribution from the prompt cascades is shown underlined in the 
top right-hand corner of each square. 
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Fic. 5. Prompt cascade and evaporation reactions in uranium bombarded with 450-Mev protons. 


At the excitation energies obtained in this system, charged particle emission from 
the product nuclei during the evaporation process is common, and no useful simplification 
in the treatment of that part of the reaction can be made. Consequently, from the 
evaporation-reaction calculations individual cascades have been chosen in which the 
initial 4, Z, and E values match as closely as possible those for the products of individual 
prompt interaction cascades. These evaporation cascades have been used to specify the 
end product and intermediate products of the de-excitation process. The number of 
evaporation cascades that have been calculated is such that close matching is not difficult, 
and the sequence in which the data have been used is such as to ensure a random choice 
from among the prompt interaction and evaporation cascade data employed. The resulting 
number distribution of de-excited end products is shown in Fig. 5 in the bottom left-hand 
corner of each square. The region covered by Fig. 2 is shown enclosed in a dotted line 
to emphasize the much greater extent of particle emission induced at the higher bom- 
barding energy. Also on Fig. 5 are shown lines connecting nuclides of equal Z?/ A value. 

Additional information which may be obtained includes the number of de-excitation 
cascades which results in the transient formation of each nuclide and the spectrum of 
excitation energies with which it is formed. 

Fission competition may now be introduced under the assumptions outlined earlier. 
The analysis is simplified by the general observation that the early part of a de-excitation 
cascade, when the excitation is highest, is characterized by emission of protons, neutrons, 
and alpha particles in such proportions that the evaporation “‘path’’ proceeds parallel 
to or towards the nuclear stability line. In the later, low-energy part of the cascade, 
however, coulomb effects predominate and neutron emission is favored. Consequently 
the Z?/A value of nuclides successively formed in the de-excitation process generally 
decreases at first and then increases again, in a fairly smooth manner. Thus selection 
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of events producing nuclides of a given Z?/A (particularly at the higher Z?/A values) 
does not introduce serious error owing to the fact that a given event may be counted 
more than once. 

Owing to the wide range of mass numbers produced, the variation of yield of fission 
fragments of a given mass with mass number can no longer be neglected. As an approxi- 
mation, during the averaging of the product m/p ratios, weighting for. mass yield will 
be accomplished using the over-all mass-yield curve given by Lavrukhina and Krasa- 
vina (15) in addition to weighting by the number distribution. The error made by use 
of the over-all mass-yield distribution rather than the distribution appropriate to fission 
of a single nucleus is probably small, since the effect of weighting for mass yield is in 
any case quite small. 

In Part 2 of the analysis, in which fission is considered to take place from excited 
nuclei, it is again assumed that the total excitation of the system is unchanged during 
the fission process, and that, on the average, it divides among the products in the ratio 
of their masses. This division reduces the excitation energy per fragment in general to 
below 150 Mev, in which region the calculations of Dostrovsky et a/. (5) predict a 
predominance of neutron emission. The de-excitation of the fission fragments is then 
presumed to take place in this manner with an energy loss per neutron evaporation of 
about 11 Mev, an average figure for this energy and mass region. 

The results of the analysis are shown in Table III, with n/p ratios given for fission 
fragments of mass about 90 and about 130, calculated under the various parameter 
choices. 

TABLE III 
CALCULATED AVERAGE m/p RATIOS FOR THE PRODUCTS OF THE FISSION OF U8 witH 450-MEV 


PROTONS 
1. Fission occurs after de-excitation by particle evaporation in nuclides with greater than a given Z?/A value 








ECD-type fission UCD-type fission 
Z2/A : E ee a BER Astia : 
greater than A = 90 A = 130 A = 90 A = 130 
40 1.200 1.330 1.261 1.262 
39 1.233 1.361 1.301 1.302 
38 1.253 1.385 1.333 1.336 
37 1.285 1.417 1.365 1.370 
36 1.318 1.444 1.403 1.410 
35 1.346 1.464 1.420 1.428 
Experimental values: Mass 90 ~ 1.36 
Mass 130 ~ 1.44-1.46 
2. Fission eccurs at given Z?/A value before complete de-excitation 
ECD-type fission UCD-type fission 
A = 90 A = 130 A = 90 A = 130 
n/pratio m/pafter n/pbefore n/pafter mn/pbefore m/pafter n/pbefore n/p after 
of initial de-ex- de-ex- de-ex- de-ex- de-ex- de-ex- de-ex- 
Z?.A fragments citation citation citation citation citation citation citation 
40 1.211 1.210 1.353 1.344 1.299 1.288 1.300 1.289 
39 1.252 1.227 1.379 1.358 1.320 1.307 1.323 1.311 
38 1.297 1.256 1.434 1.390 1.373 1.334 1.378 1.338 
37 1.368 1.299 1.487 1.408 1.430 1.360 1.441 1.366 
36 1.448 1.353 1.544 1.436 1.477 1.380 1.497 1.399 
35 1.484 1.367 1.558 1.463 1.485 1.400 1.509 1.419 


Experimental values: Mass 90 ~ 1.36 
Mass 130 ~ 1.44-1.46 
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The most probable n/p ratios observed by Lavrukhina and Krasavina (15) are as 
follows: for mass 90, about 1.36; and for mass 130, 1.44 to 1.46 depending on which of 
the presentations of the data one uses. The agreement of the calculations with these 
figures is good for ECD-type fission and poor for UCD-type fission, being the best for 
the assumption that fission occurs before complete de-excitation and when a Z?/A value 
between 35 and 36 is reached. However, a decision between the assumptions of Parts (1) 
and (2) of the analysis cannot be made as definitely as one between the two fission 
modes. 

The value of Z?/ A found for best fit with experiment is close to that found in Part (ii) 
and is satisfactory for the same reasons. 

If one calculates the fission cross section expected from the above results, in the same 
way as described in Section (ii), one obtains the value of 1.32 barns compared with an 
experimental value of 1.12 barns (15). 


C. DISCUSSION 

Within its limitations, the analysis described above leads to the conclusion that fission 
of nuclides with Z in the range 87-93 with excitation energies up to a few hundred Mev 
proceeds predominantly via a process described by the equal-charge displacement 
mechanism. There is also some indication (from Part (iii)) that fission of these nuclides 
begins to compete effectively with particle emission when the Z?/A value is greater 
than about 36, in a fashion independent of energy. This last conclusion is generally in 
agreement with conclusions drawn from lower energy studies (1, 28), and in disagreement 
with the results of an analysis by Shamov (24). 

The indication of an equal charge displacement mechanism in the fission of uranium 
and thorium with protons of energy up to 480 Mev, which is in disagreement with some 
previously published conclusions (15, 28), is at first surprising, since ECD has hitherto 
been considered a low-energy process. However, it may well be that ECD-type fission 
is characteristic of nuclides of specific charge and mass, rather than of specific energy. 
This is consistent with the observation by Porile and Sugarman (21) that ECD-type 
fission occurs when bismuth is bombarded with 450-Mev protons but that UCD-type 
fission occurs in tantalum bombarded with protons of the same energy. 
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THE PREPARATION OF SOME DERIVATIVES OF 
p-RIBONO-1—4-LACTONE AND pb-RIBITOL' 


L. HouGH, J. K. N. JOoNEs, anp D. L. MITCHELL? 


ABSTRACT 
Reaction of D-ribono-1—4-lactone with acetone gave the 2,3-O-isopropylidene derivative 
from which 5-O-methyl-p-ribitol, 5-deoxy-D-ribitol, and 2,3-O-isopropylidene-D-ribitol were 
prepared. 
INTRODUCTION 

5-Deoxy and 5-O-substituted derivatives of D-ribitol were required and consequently 
attempts were made to prepare from D-ribono-1—-4-lactone (I) the 2,3-O-isopropylidene 
intermediate (II) for specific substitution of the primary alcohol group (e.g. methylation, 
tosylation), followed by reduction of the lactone function and finally hydrolysis of the 
ketal. p-Ribono-1—4-lactone (1) readily condensed with acetone, the reaction being 
catalyzed by concentrated and dilute mineral acid or anhydrous copper sulphate, although 
it also underwent condensation with acetone, without any added catalyst, because of 
the favored cis-configuration of the hydroxyls at carbons 2 and 3. The formation of the 
O-isopropylidene derivative was accompanied by a significant change in optical rotation 
which fell from an initial value of [a]p 43° to an approximate value of [a]p —80°. The 
rate and extent of the condensation reaction was dependent upon the catalyst selected 
and in particular on the concentration of the mineral acid. Hydrolysis of the lactone 
derivative (II) in water proceeded slowly in a manner typical of a 1—4 lactone, but the 
presence of an O-isopropylidene ring superimposed on the lactone ring may make this 
evidence unreliable. The position of the ketal ring was located by reaction of the sodium 
O-isopropylidene-p-ribonate (111), obtained by mild alkaline hydrolysis of the lactone 
derivative (II), with sodium metaperiodate which resulted in the consumption of 1.03 
moles of oxidant and the formation of 1.02 moles of formaldehyde. The O-isopropylidene 
group must therefore be situated at carbons 2 and 3. This was confirmed by methylation 
of the 2,3-O-isopropylidene-p-ribonolactone (II), followed by mild acid hydrolysis of the 
mono-O-methyl derivative (IV) to produce in good yield 5-O-methyl-pD-ribono-1—4- 
lactone (V); this compound was identical with the lactone obtained by the alkaline- 
bromine oxidation of 5-O-methyl-p-ribose (1). The methylation evidence is thus com- 
patible with the presence of a 1-4 lactone ring in the O-isopropylidene derivative (II). 
The possibility that the change in optical rotation prior to or during ketal formation 
was due to a ring shift from a 1—5- to the 1—4-lactone was considered. However, the 
original p-ribonolactone slowly hydrolyzed in water at room temperature [[a]p 17.8° 
(initial) — [a]p 8° (13 days)], a property characteristic of 1—4-lactones (2) and the 
magnitude of the values recorded by Rehorst for L-ribono-1—4-lactone is similar (3). 
2,3-O-lsopropylidene-p-ribono-1—4-lactone and pD-ribonolactone possessed an infrared 
absorption maximum at 1790cm~! and 1793 cm respectively, which is consistent 
with the 1—4-lactone structure (cf. reference 3 (a)). The stabilizing effect of the exocyclic 
double bond, thus making carbon 1 trigonal, must be a considerable influence in this 
case because the cis-hydroxyls at carbons 2 and 3 would be expected to create steric 
pressure as a result of the close proximity of these groups on a five-membered ring. 

‘Manuscript received July 4, 1958. 
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Recent studies on the periodate oxidation of monosaccharides at pH 3.6 have revealed 
that they are oxidized almost completely in their ring forms with the formation of esters 
(formyl, glycollyl, and glyoxyly1) of glyceraldehyde and glycollaldehyde, further oxidation 
being dependent upon the rate of hydrolysis of the ester intermediates (4, 5). Similar 
oxidations of 1—4- and 1—5-pentonolactones would be expected to give rise to glyoxylic 
acid esters of glyceraldehyde (XI) and glycollaldehyde respectively. However, the former 
ester should be distinguished by a fairly rapid overoxidation reaction because the electro- 
philic hydroxyl group (from carbon 5) neighboring the ester linkage would facilitate its 
hydrolysis. In accord with this theory D-ribono-1—>4-lactone and its 5-O-methy1 derivative 
each consumed approximately one mole of periodate rapidly, which was followed by a 
slower but extensive oxidation, typical of 2-O-esters of glyceraldehyde to the approximate 
theoretical values (Fig. 1). Lactobiono-1—5-lactone behaved similarly after the initial 
rapid reaction with 3 moles of periodate (Fig. 1). The similarity between the oxidation 
curves of b-ribonolactone and 5-O-methyl-p-ribono-1—4-lactone would suggest that the 
former compound was indeed oxidized as a 1—-4-lactone and it therefore seems likely 
that the change in optical rotation during acetonation cannot be ascribed to a ring 
shift (l—5- to 1—4-lactone), but must actually be related to the formation of the ketal 
ring. 

1—4-Lactones are believed to be planar or nearly planar, but some degree of ring 
buckling might arise in the pentono- and hexono-lactones if the molecule possesses a 
bulky group at carbon 5 and substituents at carbons 2 and 3 in the true cis-configuration 
(XII) (cf. reference 5 (a)). Deviations from planarity have been observed in the D-ribo- 
furanosyl ring system of crystalline adenosine (6) by X-ray analysis, but 1—4-lactol and 
1—4-lactone ring systems are not precisely comparable. A shift in molecular rotation which 
should measure approximately the extent of ring buckling has been observed for 2,3-di-O- 
methyl-p-ribono-1—4-lactone and 2,3,5-tri-O-methyl-p-ribono-1—>4-lactone (Table I). 
Such an effect is probably responsible for the large molecular rotational shift in the 
formation of 2,3-O-isopropylidene-D-ribono-1—4-lactone, although buckling of the 
lactone ring will result in a distortion of the O-isopropylidene ring which will then be 
asymmetric (cf. D-galactose and its 1,2-3,4-di-O-isopropylidene derivative). Asymmetrical 
O-isopropylidene rings have been suggested as being one of the factors responsible for 
molecular rotational shifts between methyl O-isopropylidene pyranosides and the corre- 
sponding methyl pyranosides (7). The substitution of a methoxyl group for the hydroxyl 
group at carbon 5 of various D-ribono-1—4-lactone derivatives results in a molecular 
rotational shift (in the positive direction) of approximately the same magnitude for 
each pair (Table I). 

Tosylation of 2,3-O-isopropylidene-D-ribono-1—4-lactone (II) at a low temperature 
(ca. —20° C; 10 hours) produced the 5-O-tosyl derivative (VII) in quantitative yield. 


TABLE I 


ROTATIONS OF DERIVATIVES OF D-RIBONO-1—4-LACTONE IN WATER 











[alp Mp Difference Reference 
p-Ribono-1—4-lactone 17.8 2636) = (*) 
5-O-Methyl-lactone 27.4 4445 / +1809 (1) 
2,3-Di-O-methyl-lactone —31.5 —5538 41754 (8) 
2,3,5-Tri-O-methyl-lactone —19 —3784) v (9) 
2,3-O-Isopropylidene-lactone —57.5 — 10820) +1900 (*) 
2,3-O-Isopropylidene-5-O-methyl-lactone —44.1 —8920/ at (*) 
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When higher reaction temperatures and longer reaction periods were employed, lower 
yields and tarry products were often obtained. A simultaneous reduction of the lactone 
function to the primary alcohol and reductive cleavage of the tosyloxy group was effected 
in good yield by lithium aluminum hydride in tetrahydrofuran to give 2,3-O-isopropyl- 
idene-5-deoxy-D-ribitol (VIII). Hydrolysis of the product with cation exchange resin 
(H form) afforded 5-deoxy-p-ribitol (IX). Similarly, 5-O-methyl-p-ribono-1—4-lactone 
(V) and 2,3-O-isopropylidene-p-ribono-1—4-lactone (II) were reduced with lithium 
aluminum hydride to syrupy 5-O-methyl-p-ribitol (VI) and syrupy 2,3-O-isopropylidene- 
p-ribitol (X) respectively. The structures were verified by periodate oxidation experi- 
ments (Table III). 

2,3-O-Isopropylidene-D-ribitol compounds are of interest because D-erythro hydroxyls 
are involved in the formation of a five-membered ketal ring of the aC-type (10, 11, 12) 
with bulky substituents in the cis-configuration at carbons 2 and 3. This unfavorable 
conformation (VIII’ and X’) would be expected to cause the ketal ring to be labile 
to acid, since deformation from the preferred zigzag conformation is considerable. 


UPTAKE — (MOLES 10,~/ MOLE LACTONE) 








1 2 3 4 5 6 7 8 9 10 
HOURS 
Fic. 1. Periodate oxidation of: —X— p-ribono-1—>4-lactone (3.75-18.5 hours); —@— 5-O-methyl-p- 


ribono-1—4-lactone (3.05-21.0 hours) ; and —O— lactobiono-1—5-lactone (8.5-48 hours) (8.55-75 hours) 
at pH 3.7. 
EXPERIMENTAL 

Solutions were concentrated under reduced pressure (ca. 15 mm). Melting points were 
uncorrected and optical rotations were determined in water unless otherwise stated. 
Paper chromatography was carried out by the descending method (13) on Whatman 
No. 1 filter paper using the following solvent systems (v:v): (a) ethyl acetate — acetic 
acid —- water (9:2:2); (b) ethyl acetate - acetic acid —-formic acid — water (18:3:1:4); 
(c) butan-1l-ol-ethanol-water (40:11:19); and (d) butan-l-ol-pyridine-water (10:3:3). 
Non-reducing compounds were detected on paper chromatograms with an alkaline 
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silver nitrate spray reagent (14). The rate of movement of the compound on paper 
chromatograms is quoted relative to that of the solvent front (R, value). Wave numbers 
of infrared data are given to within +10 cm™!. 


2,3-O-Isopropylidene-D-ribono-1—4-lactone 

(Assisted by R. J. Stoodley.) A solution of p-ribono-1—-4-lactone (15 g) in acetone 
(600 ml) containing concentrated hydrochloric acid (6 ml) was shaken continuously for 
18 hours at 25° C. The initial positive rotation decreased rapidly to reach a constant 
negative value (Table I1). A control solution of p-ribono-1—>4-lactone in dioxane and 
concentrated hydrochloric acid (2 drops) showed a relatively small change in optical 
rotation (Table II). 

The solution was neutralized (silver or lead carbonate) and the inorganic salts were 
separated by filtration through a pad of cellulose. The combined filtrate and washings 
deposited crystals when concentrated. After trituration with cold acetone — light petrol- 
eum (b.p. 60-80° C), the crystals (14.0 g; 73.5%) were collected on a suction filter. They 
had a melting point of 138-139° C, [a]?8° —57.5° (initial value; c, 2.3) —+ —16.1° (20 days) 
and [a]?*° —65.7° (c, 2.13, pyridine; unchanged after 80 hours). %max 1790 cm7! (chloro- 
form; C = 0 for 1—4-lactone (15, 16)). p-Ribono-1—4-lactone gave an adsorption peak 
at 1793 cm~! (nujol). Reerystallization from acetone-cyclohexane did not affect these 
constants. Anal. Calc. for CsH,».O;: C, 51.1; H, 6.4. Found: C, 51.4; H, 6.4. 

When the condensation was catalyzed by 2 N hydrochloric acid (1% v:v), the rotation 
decreased less rapidly and reached a final rotation of [a]?®° —62.5° (30 hours). 

A 5% solution of p-ribono-1—4-lactone in acetone revealed a polarimetric behavior 
similar to the acid-catalyzed reaction (Table II). After the optical rotation had reached 
a constant value, crystals of 2,3-O-isopropylidene-pD-ribono-1—4-lactone were deposited, 


when the solution was concentrated. 


TABLE II 


OPTICAL ROTATION OF D-RIBONO-1—>4-LACTONE IN VARIOUS SOLVENTS AT 25°C 





Acidified acetone, ¢ = 2.48 Hours: 0 0.33 0.5 2.8 15 
lalp: $2.3° —25 —44.4° -77.4° —79° —82.3° —82.3° 
Acidified dioxane, ¢ = 2.5 Hours: Qo ° 0.1 2.0 3.5 6.3 24.0 30.7 
lalp: 52° 49 5° 485° 48° 46.8° 45° 43.6° 
Water, c = 2.3 Hours: 0.25 23.0 42.5 66.2 90.5 138.5 322.8 
lalp: 17 .8° 17.4° 16.1° 14.8° 13.9° a 8.0° 
Acetone, c = 5.0 Hours: 0.3 7 19 27 48 115 213 
lalpat 26°C: 39.8° 29.3° 7.4° —3.9° -—24.2° -—48.7° -—65.2° 





A solution of p-ribono-1—4-lactone (25 g) in acetone (500 ml) was heated under reflux 
in anhydrous conditions (calcium chloride tube). The optical rotation of the reaction 
mixture fell slowly, reaching a value of [a]?° —8° after 92 hours. Anhydrous copper 
sulphate (5 g) was then added to the solution and the optical rotation fell to [a]?°° —77° 
(192.5 hours). The filtered solution was concentrated to a crystalline mass which was 
recrystallized from acetone — light petroleum (b.p. 60—80° C) to yield the O-isopropylidene 
derivative (21.5 g; 67%). 


2,3-O-Isopropylidene-5-O-methyl-p-ribono-1—4-lactone 
2,3-O-Isopropylidene-p-ribono-1—4-lactone (5.28 g) was treated three times with 
methyl iodide and active silver oxide (in the presence of anhydrous calcium sulphate), 
to aid solution chloroform was added to the first methylation. After filtration, the silver 
salts were thoroughly digested with chloroform. Concentration of the combined filtrates 
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yielded a pale yellow syrup (6.0 g) which was distilled at 90-100° C (bath temp.) and 
10-* mm to give the 5-O-methy! derivative [4.76 g; 84% with m3*° 1.4490 at 90° C, 23° 
1.4500 at 100° C, [a]f”° —56.8° (c, 3.0 ethanol), and [a]?8° —44.1° (c, 2.5)]. Anal. Cale. 
for C,H;,0;: C, 53.45; H, 7.0; OMe, 15.35. Found: C, 53.4; H, 7.5: OMe, 17.2. 
5-O- Methyl-p-ribono-1 —4-lactone 

A mixture of a solution of 2,3-O-isopropylidene-5-O-methyl-pD-ribono-1—4-lactone (4.5 
g) in 40°% aqueous acetone (100 ml) together with Amberlite resin [R-120 (H) (3 ml) was 
treated under reflux at 50° C. The initial specific rotation, [a]?7° —42.7°, rose to [a]?7° 
9.5° (constant value; 60 hours). After it had been cooled, the solution was decanted 
from the resin, concentrated to a crystalline mass, and recrystallized from ethyl acetate 
to give 5-O-methyl-D-ribono-1—-4-lactone (2.3 g; 63.5%) with m.p. 110—-111° C, mixed 
m.p. 108.5-110° C, [a]?5° 26° (0.08 hours) — 19° (168 hours) (c, 0.94). R, 9.71 (solvent 6) 
and R,; 0.67 (solvent d). ymax 1765 cm™ (nujol) [lit. m.p. 109-110° C, [a]}8° 27.4° — 15.3° 
(7 hours; c, 9.0) (1)]. Anal.Calc. for CsH,O;: C, 44.4; H, 6.2; OMe, 19.1. Found: C, 
44.8; H, 6.2; OMe, 19.9. 


5-O- Methyl-p-ribitol 

A solution of 5-O-methyl-p-ribono-1—4-lactone (1.0 g) in anhydrous tetrahydrofuran 
(25 ml) was added dropwise to a suspension of lithium aluminum hydride (0.57 g) in 
tetrahydrofuran (25 ml). After the mixture had been heated under reflux for 4 hours, 
then cooled, ethyl acetate (2 ml) was added, followed by 70% aqueous alcohol (100 ml). 
The precipitate was separated by centrifugation and was washed twice with ethanol. The 
combined supernatants were percolated through Amberlite IR-120 (H) resin prior to 
concentration to a colorless syrup (0.78 g; 76%). Paper chromatographic examination 
of the compound revealed only a single spot with R, 0.40 (solvent 6), R, 0.42 (solvent d), 
[a]F° 10° (c, 1.0), and m2° 1.4802. Anal. Cale. for CsH14O5: C, 43.4; H, 8.5; OMe, 18.7. 
Found: C, 43.5; H, 7.8; OMe, 20.6. 


2,3-O-Isopropylidene-5-O-toluene-p-sul phonyl-pb-ribono-1—4-lactone 

2,3-O-Isopropylidene-D-ribono-1—4-lactone (1.13 g) was dissolved in cold (—20° C), 
anhydrous pyridine and toluene-p-sulphony! chloride (2.38 g; 100% excess) was added 
in one portion. After the mixture had been kept for 10 hours at — 20° C, with intermittent 
shaking, water (0.5 ml) was added and the solution was poured slowly into ice water 
(600 ml) with vigorous stirring. The crystals were collected by filtration and dried under 
reduced pressure at room temperature (2.07 g; 100%). Recrystallization from methanol 
gave prisms melting at 117.5-118° C and with [a]?#° —15.8° (c, 2.4 acetone). ymax 1810 
cm! (chloroform). Anal. Calc. for C1;3H;s07S: C, 52.6; H, 5.3; S, 9.4. Found: C, 52.7; 
H, 5.3; S, 9.7. 


2,3-O-Isopropylidene-5-deoxy-b-ribitol 

To a suspension of lithium aluminum hydride (5.5 g) in anhydrous tetrahydrofuran 
(50 ml), a solution of 2,3-O-isopropylidene-5-O-toluene-p-sulphony1-p-ribono-1—4-lactone 
(5.38 g) in tetrahydrofuran (50 ml) was added dropwise. The reaction mixture was heated 
under reflux for 5 hours, then ethyl acetate (20 ml) was slowly added dropwise, followed 
by 10% aqueous ethanol until the inorganic salts were precipitated. After filtration, the 
organic solvents were evaporated by repeated dilution with water and the product, 
obtained by continuous extraction with chloroform, was a syrup (2.38 g; 84%) with nj?° 
1.4510 and [a]?7° —15.5° (c, 2.7, ethanol). Anal. Cale. for CsHieO4: C, 54.5; H, 9.15. 
Found: C, 52.9: H, 9.2. 
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5-Deoxy-D-ribitol 

The above O-isopropylidene compound (2.09 g) was hydrolyzed with Amberlite IR-120 
(H) resin under the conditions previously described for the preparation of 5-O-methyl-p- 
ribono-1—4-lactone. The product (1.51 g; 93%) crystallized spontaneously when the 
solution was concentrated to dryness. Recrystallization from ethyl acetate —- methanol 
(5:1 v:v) gave 5-deoxy-p-ribitol with m.p. 77-80° C. The product contained solvent of 
crystallization which could be removed under reduced pressure to give a product melting 
at 65-69° C and [a]?6° —10.6° (c, 1.7). Anal. Cale. for Cs5H,,04: C, 44.1; H, 8.9. Found: 
C, 444; Hi, 86. 


2,3-0-Isopropylidene-D-ribitol 

2,3-O-Isopropylidene-p-ribono-1—4-lactone (1.50 g) was treated with lithium aluminum 
hydride by the method described for the preparation of 5-O-methyl-p-ribitol, except the 
reaction period was extended to 8 hours and the ion exchange resin, Amberlite IR-120, 
was used in the ammonium form. The syrupy product (1.6 g) moved on paper chroma- 
tograms as a single spot (R, 0.39; solvent b) and had [a]i¥° —4.3° (c, 2.8, ethanol), 120° 
1.4730. Anal. Calc. for CsH1.05: C, 50.0; H, 8.4. Found: C, 49.2; H, 8.0. 


p-Ribitol (.Adonitol) 

2,3-O-Isopropylidene-pD-ribono-1—4-lactone (130 mg) was dissolved in ethanol (5 ml) 
and sodium borohydride (93 mg) was added in one portion. The solution was heated 
at 50° C for 5 hours and then kept at room temperature overnight. After acidification 
with acetic acid, the solution was passed down a column of Amberlite resin IR-120 (H) 
and the effluent was evaporated to dryness. After removal of acetic and boric acids by 
repeated co-distillations with methanol, the syrupy product was hydrolyzed with 0.01 NV 
sulphuric acid (10 ml, 3 hours, 95° C). The cooled solution was neutralized (barium 
carbonate), then filtered, and the filtrate concentrated to a syrup. Examination of the 
product in solvent systems (a) and (c) revealed a single component which had a rate of 
movement identical with that of an authentic specimen of adonitol. The syrup readily 
crystallized on seeding with adonitol (ribitol). 

When the reduction was carried out using water as the solvent under the conditions 
described above, the major product was an acid (paper chromatography) and only a 
small amount of adonitol was detected. 


Periodate Oxidation Experiments 
All reactions were carried out in the dark and at room temperature (ca. 18°). 


(i) Determination of the Reacted Periodate 

The lactone or pentitol derivative (10-15 mg; accurately weighed) was dissolved in 
water or the required buffer solution containing 0.3 M sodium metaperiodate solution 
(1 or 2 ml). The total volume was made up to 10 ml with additional buffer solution. A 
blank was run concurrently. Aliquot portions (2 ml) were withdrawn at intervals and 
pipetted into phosphate buffer (pH 7.0; 25 ml) containing 20% potassium iodide solution 
(1-3 ml), and the liberated iodine was titrated with 0.01 N sodium thiosulphate solution 
using starch solution as indicator (17). 

In some cases the lactone was hydrolyzed to the aldonic acid (sodium salt) with a 
slight excess of 0.01 N sodium hydroxide solution prior to the addition of the sodium 
metaperiodate solution and sufficient water to bring the total volume to 20 ml. (Buffer 
solutions: pH 7.5, 0.05 M sodium bicarbonate solution; pH 3.7, 0.05 M acetic acid — 
sodium acetate solution.) 
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(ii) Estimation of the Formic Acid Produced 

Solutions containing ca. 5 mg of compound per milliliter of solution were oxidized 
with sodium metaperiodate solution under unbuffered conditions. At various intervals 
of time, ethylene glycol (1 ml) was added to aliquot portions (5 ml) and the acidic 
solution was titrated with 0.01 NV sodium hydroxide solution using methyl red, screened 
with methylene blue as the indicator. A blank was run concurrently. 


(iii) Determination of the Formaldehyde Liberated 

Samples (2—4 mg; accurately weighed) were dissolved in water or buffer solution con- 
taining 0.3 M sodium metaperiodate solution (1 ml) and made up to 25 ml. At intervals, 
aliquot samples (1 ml) were withdrawn and the formaldehyde was estimated by the 
chromotropic acid method (18). A known weight of erythritol (periodate oxidized) was 
used as the source of formaldehyde for the preparation of the standard curve. 
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THE REACTION OF 2,2-DIPHENYL-1-PICRYLHYDRAZYL WITH 
SECONDARY AMINES! 


J. E. Hazevi? ano K. E. Russey 


ABSTRACT 


The reaction of DPPH (2,2-diphenyl-1-picrylhydrazyl) with N-phenyl-l-naphthylamine, 
N-phenyl-2-naphthylamine, diphenylamine, and methylaniline has been studied and has been 
shown to be primarily a hydrogen abstraction process. Two moles DPPH react with 1-1.15 


moles secondary amine to give 1.7-1.8 moles 2,2-diphenyl-l-picrylhydrazine and further 
products. 


The reaction between DPPH and N-phenyl-1-naphthylamine is first order with respect to 
each reactant. The reaction of DPPH with the other amines is retarded by the major product 
2,2-diphenyl-1-picrylhydrazine and the kinetics of the over-all reaction are complex. However 
second-order rate constants and activation energies have been obtained using initial rates 
of reaction. Possible reaction mechanisms are discussed. 


This study of the reaction between 2,2-diphenyl-l-picrylhydrazyl (DPPH) and 
secondary amines forms part of a general investigation of the rates of hydrogen abstrac- 
tion processes in solution using DPPH as the acceptor molecule. In spite of its existence 
as a stable free radical DPPH readily abstracts hydrogen atoms from mercaptans (1) 
and hydroaromatic compounds such as 1,4-dihydronaphthalene (2). A similar reactivity 
towards many secondary amines (3,4), phenols, and hydrogen halides is observed. 
Rate studies on these reactions should give information concerning the influence of 
structure on the ease of hydrogen abstraction from the various donors. 

As the acceptor molecule, DPPH has the advantage that it is a colored free radical 
which does not dimerize and its concentration can be estimated by its absorption in the 
visible region. However, it complexes with amines (3) and possibly with aromatic hydro- 
carbons (2) and such complexing may affect the kinetics of reaction. It may also be 
involved in steric effects which are not observed with small radicals. 

In the present work the reactions between DPPH and certain secondary amines have 
been investigated with regard to stoichiometry and kinetics. It was hoped that the 
single hydrogen atom attached to nitrogen would be abstracted in the primary reaction. 
The secondary amines used were N-phenyl-l-naphthylamine, N-phenyl-2-naphthyla- 
mine, diphenylamine, and methylaniline. A few kinetic experiments were performed 
with di-v-propylamine. 


EXPERIMENTAL 
Materials 

2,2-Diphenyl-1-picrylhydrazine and DPPH were prepared by the method of Gold- 
schmidt and Renn (5). The hydrazyl crystals were heated to 75° in vacuo for 6 hours to 
break down a DPPH-chloroform complex. 

Di-n-propylamine was distilled in a 20-plate column. Methylaniline was distilled under 
reduced pressure to give one sample. A second sample was obtained by conversion to 
the nitrosamine, followed by reduction with tin and hydrochloric acid and distillation. 
Diphenylamine was recrystallized from petroleum ether. The phenylnaphthylamines 
were recrystallized from 95% ethanol. The amines were stored in the dark. 

1 Manuscript received in original form March 11, 1957, and, as revised, June 25, 1958. 
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Tetraphenylhydrazine was prepared by the oxidation of diphenylamine with lead 
dioxide (6). Diphenyldihydrophenazine was prepared by heating tetraphenylhydrazine 
in boiling toluene for 30 minutes (7); it was purified by dissolution in hot benzene and 
addition of 2 volumes of ethanol. 

Alumina was deactivated by adding 500 g alumina to 20 cc water in a stoppered 
bottle. 


Stoichiometry 

Mixtures of DPPH and amine of varying ratio were made up in benzene, degassed, 
and heated to 55°. Reaction was virtually complete in less than an hour with the phenyl- 
naphthylamines, but diphenylamine required some hours and methylaniline 2 days. 
If any significant amount of DPPH remained it gave a violet color to the solution. The 
results give an estimate of the number of moles DPPH reacting with 1 mole amine. 

Benzene solutions of amine and DPPH, each at a known concentration (approximately 
0.1 4), were heated to 55° until reaction was virtually complete, and were concentrated 
in an atmosphere of nitrogen. The products were separated on a column of deactivated 
alumina. Benzene was used as eluent. 

The first fractions from the column contained the excess amine and part of the dehydro- 
genation products. The solvent was removed, and the amine was separated by careful 
treatment with small amounts of 95°% ethanol in which the reaction products are almost 
insoluble; petroleum ether was used in the place of ethanol in the case of methylaniline. 
The phenylnaphthylamines and diphenylamine were identified by melting point and 
mixed melting point; methylaniline was identified by boiling point only. The excess amine 
was weighed in order to confirm the value of the DPPH to amine ratio determined 
colorimetrically. 

The main fraction came down the column as a dark brown band. The solvent was 
removed from the eluate, the last traces of complexed benzene disappearing when the 
red solid was warmed im vacuo. The material was 1,1-diphenyl-2-picrylhydrazine, m.p. 
170-171°, mixed m.p. 171—172°, and having an infrared spectrum identical with that of 
the pure hydrazine. It was weighed and the fraction of hydrazyl converted to hydrazine 
obtained. The infrared spectrum of the products in chloroform before separation on 
the column was compared with that of 1,1-diphenyl-2-picrylhydrazine at various con- 
centrations. The results were consistent with the assumption that no hydrazine was 
produced or lost by reaction on the alumina column. 


Further Products 

In all cases a violet band of strongly adsorbed material appeared on the alumina 
column. It was removed by treating the alumina with ethanol. The yield was about 10% 
based on the amine reacting. The material was not identified, but a sample from the 
DPPH-diphenylamine reaction contained about 65°% carbon suggesting that it was 
derived from the DPPH and was not simply a dehydrogenation product of the amine. 

The first fractions from the column contained products derived from the dehydro- 
genated amine. The vields, based on the amine reacting, were 30%, 65%, 60%, and 40% 
respectively for methylaniline, diphenylamine, N-phenyl-l-naphthylamine, and JN- 
phenyl-2-naphthylamine. In all cases some separation into bands occurred on the column, 
indicating the presence of more than one compound, but the separate fractions were 
impure judged by the wide temperature ranges over which they melted. A white solid, 
m.p. 128-132°, accounted for 40% of the amine reacting in the dehydrogenation of 
diphenylamine; the melting point was raised to 134-136° by admixture with tetra- 
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phenylhydrazine. Anal. Found: C, 86.37; H, 6.74. Calc. for CaH2»Ne: C, 85.7; H, 6.00. 
Its infrared spectrum was almost identical with that of tetraphenylhydrazine; the 
absorption in the N-H stretching region was negligible, but weak bands below 1400 
cm indicate the possible presence of diphenyldihydrophenazine. 

A yellow solid, m.p. 240—245°, accounted for 35°% of the amine reacting in the dehydro- 
genation of N-phenyl-l-naphthylamine. Anal. Found: C, 87.4; H, 5.49. Calc. for 
C32HeNe: C, 88.0; H, 5.54. Mol. wt. 480 (by Rast method). Oxidation of N-phenyl-1- 
naphthylamine with lead dioxide leads first to a red product and then to a yellow pro- 
duct, m.p. 266—268°, which gives the same analysis as the above solid. Infrared spectra 
of the two products are similar; a weak absorption at 3350 cm™ is probably due to a 
minor impurity containing an N-H group. The yellow solid appears to be ultimately 
derived from two N-phenyl-l-naphthylamine molecules, but its structure is not known. 

N-Phenyl-2-naphthylamine and methylaniline each gave a complex mixture of pro- 
ducts. These were partially separated on the column but attempts to identify them were 
unsuccessful. 


Kinetics 

Reaction mixtures were prepared using measured amounts of benzene solutions of 
DPPH and amine. The reaction vessels were standard bore tubes of internal diameter 
12 mm. The concentration of DPPH was followed by taking measurements of optical 
density with a Fisher electrophotometer. A 650 muy filter was used because in this region 
the DPPH absorbs fairly strongly whereas the products of reaction absorb only weakly. 
The electrophotometer was adapted for constant temperature work by replacing the 
normal cell holder with a brass box with glass windows. Water from a Sargent thermostat 
was passed through the box by means of an Eastern Industries Circulating pump (Model 
B-1). Temperatures of 20°, 30°, 40°, and 50° were used and apart from the first 3 minutes 
of reaction the control was better than +0.05°. 

The experiments were normally performed in the presence of air. Experiments with 
degassed systems showed that oxygen had little or no effect on the initial rates of reaction. 
Degassing with the highly reactive phenylnaphthylamines was performed with the 
separate DPPH and amine solutions before they were mixed, so that the early stages of 
reaction could be observed. 

For initial rate experiments, the amine concentrations used were in the range 1-5 
<10-* M for the phenylnaphthylamines, 4-20 X10-‘ M for diphenylamine, and 2-10 X 
10-* MW for methylaniline. The complete reactions were followed using concentrations 
some five times greater than these. The initial DPPH concentrations were in the range 
6-30 X10-° M. 

No correction is required for the reaction of DPPH with the solvent, since experiments 
showed that the rate of this process is negligible at temperatures up to 50°. 


TABLE I 
STOICHIOMETRY OF REACTION OF DPPH WITH SECONDARY AMINES 














DPPH Amine reacting* Amine reactingt Hydrazine 
Amine (mM) (mM) (mM) (mM) 
N-Phenyl-1-naphthylamine 2.00 1.0 :.2 1.8 
N-Phenyl-2-naphthylamine 2.00 1.1 1.8 
Diphenylamine 2.00 1.15 1.2 1.76 
Methylaniline 2.00 5 1.2 1.7 





*; : . : . ° e 
From experiments involving disappearance of violet color of DPPH. 
From experiments involving isolation of excess amine. 








1732 CANADIAN JOURNAL OF CHEMISTRY. VOL. 36, 1958 


RESULTS AND DISCUSSION 


The results of the stoichiometric investigations are summarized in Table I. 

The number of millimoles of amine reacting with 2 millimoles of DPPH was estimated 
(a) from experiments involving the disappearance of the violet color from reacting 
solutions, (6) from experiments involving the isolation of excess amine from solutions 
containing initially equimolar amounts of DPPH and amine. An uncertainty of up to 
0.1 millimole arises in the first set of results because separate experiments have shown 
that some DPPH is removed by reaction with the products. The results of method (0d) 
are maximum values, as the excess amine has probably not been completely isolated; 
85-90% of the DPPH is recovered as 1,1-diphenyl-2-picrylhydrazine in each case. 

The main process occurring is one of hydrogen abstraction by DPPH from the amine. 
In the case of diphenyvlamine the following evidence indicates that it is the amino hydro- 
gen which is initially removed by the DPPH. Triphenylamine, a tertiary amine, does 
not react with DPPH at an appreciable rate. About 40% of the diphenylamine which 
reacts with DPPH is converted to tetraphenylhydrazine. Both lead dioxide and potas- 
sium permanganate oxidize diphenylamine to tetraphenylhydrazine showing that the 
amino hydrogen is most readily removed in related reactions. There is less definite evi- 
dence with the other amines. The yellow product from the N-phenyl-1-naphthylamine 
reaction shows only a weak N-H absorption in its infrared spectrum so that abstraction 
of the amino hydrogen certainly occurs in the reaction. Dimethylaniline reacts with 
DPPH at a very much lower rate than methylaniline. Whilst it is possible that attack 
by DPPH on a C-H bond does occur as a primary process in these reactions, attack on 
an N-H bond appears to be far more probable, and it is assumed here that it is the only 
important primary process. 

The reactions are all retarded by the product 2,2-diphenyl-1-picrylhydrazine. Retarda- 
tion is slight in the reaction of DPPH with N-phenyl-l-naphthylamine, but is quite con- 
siderable in other cases. For instance the addition of 2,2-diphenyl-1-picrylhydrazine at 
a concentration of 6X10-' VM to a solution containing N-phenyl-2-naphthylamine at a 
concentration of 5X10-* M and DPPH at a concentration of 2X10-* M reduces the 
initial rate of reaction by a factor of 3, and when the 2,2-dipheny]-1-picrylhydrazine 
concentration is increased to 1510-5 M the rate is further reduced by a factor of 2. 
In order to obtain the rates of the unretarded reaction, the experimental results should 
be extrapolated back to zero reaction. However, the nature of the extrapolation is 
uncertain, and we have chosen to use as “initial rates’ the rates of reaction after 3% 
reaction. These rates are close to the true values for N-phenyl-l-naphthylamine, but 
are less than the true values for the other amines. 

The initial rate of reaction between DPPH and any of the amines is proportional to 
the concentration of DPPH and to the concentration of amine. This is readily under- 
stood if the primary process involves the attack of a molecule of DPPH on a molecule 
of amine, and this process is rate-determining in the initial stages of the reaction. 


CsHs 
NN—N 


/CHH2(NO})s Ri CHA /CoHANODS | RA. 
: + . . i . 
CoHs% R 


Ry 
, \SN—N + a] 
f CHY Nu va 


Rate constants (k) for this second-order reaction have been calculated from the rates 
of disappearance of DPPH, taking into account the stoichiometric results listed in 
Table I. The values of & at 20° have been recorded in Table II, together with activation 
energies (E) and frequency factors (4). 
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TABLE II 
KINETIC RESULTS FOR THE REACTION OF DPPH WITH SECONDARY AMINES 














k at 20° E A 
Amine (cc/mole sec) (kcal/mole) (cc/mole sec) 
N-Phenyl-1-naphthylamine 330 9.6 4.8X 10° 
N-Phenyl-2-naphthylamine 580 11.0 1.110" 
Diphenylamine 53 12.8 2.3X10" 
Methylaniline 4.8 14.7 


5.610" 








The value of £ for the reaction with N-phenyl-l-naphthylamine is probably accurate 
to +0.5 kcal/mole, but because of the difficulties associated with retardation by 2,2- 
diphenyl-1-picrylhydrazine, the other activation energies are not known to better than 
+1 kcal/mole. The effect of structure on ease of abstraction of a hydrogen atom is clearly 
shown. The activation energies increase in going from the phenylnaphthylamines to 
methylaniline and this is associated with a considerable decrease in rate constant. Ali- 
phatic amines are less reactive, the value of k at 20° for the reaction of DPPH with 
di-n-propylamine being approximately 0.2 cc/mole sec. The frequency factors are com- 
parable to those obtained for reactions between DPPH and aliphatic mercaptans (1) 
and are of the same order as the frequency factors of hydrogen abstraction reactions in- 
volving methyl radicals (8). The relatively low value of the frequency factor for N- 
phenyl-1-naphthylamine is perhaps due to a steric effect. 

The retardation of the reaction by the product 2,2-diphenyl-1l-picrylhydrazine is ex- 
plained by the reversal of reaction [1]; the concentration of amino radicals is reduced, 
and the over-all rate of reaction falls. The fall in rate can be adequately explained by 
the retarding effect of the diphenylpicrylhydrazine, and it is probable that complex 
formation between DPPH and amine, if it occurs, does not affect the kinetics of reaction. 

Little information has been obtained in this study concerning the further reactions 
of the amino radicals. In the DPPH-diphenylamine reaction the following processes may 
be considered, among others: 


CeHs\ CeHs\ CeH; 
N. —— a N—N\. {2} 
CH, C.Hs NCH; 
CeHs\ CeHs\_ CeHs\ 
YN. ——> ‘NH + ‘N. [3] 
CcH CeH;” -CoH, 
CoH CoH. AC 6H2( NOz) CeH;\ CeHo( NOz); 
N. + ‘NN: —_—> N—Ni GH, 4] 
C.H;” CeHs CeH; NZ 
C.H; 
CeHs\ CoH. /CeH2(NO2)s CoHs\. CeHo(NO2); CeHs\ 
YN. + N—N? ———> _N—N + >N. [5] 
CeHs CeH’ CoH; H CoH y 


Reaction [2] occurs almost exclusively when diphenylamine is oxidized by lead dioxide 
at room temperature (6). It takes place to some extent in the dehydrogenation by DPPH 
as tetraphenylhydrazine accounts for about 40% of the products. It cannot occur ex- 
clusively, because this would require that 2 moles DPPH would react with 2 moles 
diphenylamine instead of the 1.2 moles diphenylamine observed experimentally. Re- 
action [3] involving the disproportionation of amino radicals probably occurs to some 
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extent at 55°, since tetraphenylhydrazine is slowly converted to diphenyldihydrophena- 


zine in benzene solution at this temperature. Reaction [4] cannot be of great importance 
because 85-90% of the DPPH reacting is recovered as 2,2-diphenyl-1-picrylhydrazine. 
It is possible that the adduct is formed and then decomposes but infrared evidence 
indicates that such a decomposition does not take place on the alumina column. The 
disproportionation reaction [5] would help to explain the stoichiometric ratio of DPPH 
to diphenylamine observed experimentally. Attack at the ortho position may eventually 
lead to diphenyldihydrophenazine, but attack at the meta and para positions would 
give rise to more complex products. In the absence of a better knowledge of the dehydro- 
genation products further speculation on the secondary reactions does not appear to be 
warranted. 

Two factors limit the accuracy of the kinetic results in Table II. In the first place, 
no allowance has been made for the possible primary attack of DPPH on C-H as well 
as on N-H bonds. Secondly, the retardation by 2,2-diphenyl-l-picrylhydrazine reduces 
the rate significantly with three of the amines even at 3% reaction, so that the rate 
constants quoted are less than the true values. Work in progress indicates that reactions 
involving phenols as donors are less subject to these limiting factors. It also shows that 
substituents in the aromatic ring may cause considerable changes in rates of dehydro- 
genation. 
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DISSOCIATION CONSTANTS OF THE CYANOHYDRINS OF SOME 
TRITERPENE KETONES! 


OweEN H. WHEELER? AND V. S. GAIND® 


ABSTRACT 


The reactivity of a number of triterpene ketones towards cyanohydrin formation is in- 
fluenced by groups present in rings remote from the keto group. The results are interpreted 
as evidence of “conformational transmission”’ of the effects of the substituents. 


INTRODUCTION 


Barton and co-workers (1) have recently shown that the rate of condensation of a 
number of triterpene ketones with benzaldehyde is influenced by substituents in other 
rings. The effect does not seem to be electronic and Barton has suggested (1, 2) that the 
substituents cause small changes in valency angles and in the co-ordinates of the atoms, 
producing small distortions throughout the whole molecule, and effecting the reactivity 
of some substituent in the rings. The term ‘conformational transmission” has been 
introduced (3) for this new effect produced by substituents. 

Similar effects have recently been observed in the formation of cyanohydrins from 
ring A keto steroids (4), and in. their rates of reduction with sodium borohydride (5). 

In the present work we have measured the dissociation constants of the cyanohydrins 
(in 80° dioxane—water) of a number of triterpene ketones. Most of these ketones were 
also used in the study of benzylidene derivative formation (1). The compounds used fall 
into four groups: (a) lanostan-3-one (1), lanost-8-en-3-one (II) and a-onoceradienedione 
(III), which lack an 8-methyl substituent; (6) germanicone (IV) and allobetulone (V), 
which have different substituents in ring E; (c) 8-amyrone (VI), oleanonic acid (VII) 
and dehydro-8-amyrone (VIII), which have differences in rings C and D; and (d) 
amyra-9,11(12)-dien-3-one (IX) and a-amyra-12-en-3,11-dione (X), which have another 
carbon skeleton. The differences in reactivity (Table II) vary over a range of 2.1, while 
the corresponding values for benzylidene formation (1) differ within a range of 2.2 


DISCUSSION 

If the effect was electrostatic in origin, those substituents with a greater charge 
separation, such as an acid or ketone group, would be expected to show the largest 
differences. However, oleanonic acid (VII) and allobetulone (V) are only a little more 
reactive than lanostan-3-one (1), in which there can be no electrostatic interaction. 
Moreover, the a,8-unsaturated ketone system of a-amyra-12-en-3,11-dione (X) has a 
smaller effect than the diene system of a-amyra-9,11(12)-dien-3-one (IX). On the other 
hand if the effect is due to changes in the conformation of the rings then double bonds 
would have the largest effect, since a double bond placed in a cyclohexane ring changes 
all its valency angles (6). In support of this lanost-8-en-3-one (11), 8-amyrone (V), and 
germanicone (IV) show large differences in reactivity as compared to lanostan-3-one 
(1), and the greatest differences are shown by the homoannular dienes dehydro-8-amyrone 
(VIII) and a-amyra-9,11(12)-dien-3-one (IX). 
‘Manuscript received May 15, 1958. 
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In cyclohexanone the a and y axial groups are 2.37 A apart (6), whereas in cyclo- 
hexane they are 2.53 A apart (6). Thus in the triterpene ketones any interaction between 
the 4 and 10 axial methyl groups is reduced on forming the cyanohydrin, and in agreement 
with this lanostan-3-one (I) cyanohydrin is more stable than that of cholestanone. 

A double bond placed elsewhere within the rings would be expected to increase the 
distortion in ring A, by “conformational transmission’’, and to increase the 1-3 axial 
methyl interference in the ketones. Such an effect would favor cyanohydrin formation 
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and the dissociation constants of the cyanohydrins of the unsaturated ketones are 
greater than those of the saturated ones. Moreover, those compounds having an axial 
methyl group at position 8, e.g. 8-amyrone (VI), germanicone (IV), and dehydro-s- 
amyrone (VIII), form the more stable cyanohydrins. In these cases interaction between 
the 4, 10, and 8 axial methyl groups is possible. 

The free-energy differences (calculated from AAF = —RT|n K,/K at 25°) between 
the dissociation constant of the cyanohydrins of the various ketones are only small. 
Thus introducing a A‘ double bond (I and II) results in a difference of 0.11 kcal, in going 
from a double bond to a homoannular diene a difference of 0.17 kcal (VI and VIII), and 
changing a methyl group for a carboxylic acid grouping (VI and VII) a difference of 
0.18 kcal. Changing the position of a double bond has little effect (AAF = 0.05 kcal for 
IV and V1). 

The present results show a similar trend in the series of compounds studied as the results 
of Barton, Head, and May (1). However, the dissociation constant of the cvanohydrin 
of a-amyra-12-en-3,11-dione (X) shows a greater reactivity than expected. In this case 
the a,3-unsaturated ketone group may also have reacted with hydrogen cyanide (cf. 
cholest-4-en-3-one, ref. 4), and the measured dissociation constant may not be that of 
the 3-ketone cyanohydrin alone. 

The experimental method was essentially that used in previous studies (4), but the 
equilibration time was increased to 20 to 25 hours. This will be more than sufficient, since 
A’-lanosten-3-one reached equilibrium in some six hours (Table I). 


TABLE I 


REACTION LANOSTENONE WITH HYDROGEN CYANIDE* 








Time, hours Vol. 0.0020 N Hg(NO3)2, ml 








0 0.98 
0.88 
0.85 
83 
} 0.82 
} 0.78 
3 0.76 
24 0.76,0.75 


eters 


BeAOwWN 
~ 





*Initial concentrations, A%‘-lanosten-3-one 0.00234 M, hydrogen 
cyanide, 0.00080 M, in 80° dioxane-water at 25.0°. 


EXPERIMENTAL 
Ketones 
Many of the ketones were donated by Professor Barton. 
Dehydro-8-amyrin was prepared by selenium dioxide oxidation of 8-amyrin (7). 
Lanost-8-en-3-one (II), 8-amyrone (VI), and oleanonic acid (VII) were prepared by 
oxidation of the corresponding alcohols with chromium trioxide in pyridine (8). 


Dissociation Constants 

The triterpene ketones (25-30 mg) were dissolved in 80% aqueous dioxane (80 vol. 
purified dioxane + 20 vol. distilled water) (15 ml), and solutions of hydrogen cyanide 
(0.004 M, 5 ml) and 1% tri--propylamine (1 ml) in the 80% aqueous dioxane were 
added. The total volume was made up to 25 ml with the same solvent. The tightly 
stoppered flasks were allowed to equilibrate in a constant temperature bath, maintained 
at 25.0+0.1°, for 20-25 hours. Aliquots (5 ml) were then withdrawn and titrated with 
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aqueous mercuric nitrate solution (0.002 N), containing 5% nitric acid, using a capillary 
microburette. A freshly prepared solution of diphenylcarbazide in ethanol was used as 
indicator (9). he determinations were, in most cases, carried ont in triplicate. The 
averaged results and their mean errors are given in Table II. 


rABLE II 


REACTIVITY OF TRITERPENE KETONES 





Kp N* 











Dehydro-8-amyrone (VIII 101+2 124 
a-Amyra-9,11(12)-dien-3-one (IX 110+1 115 
Germanicone (I\ 125f - 
B-Amyrone (VI) 13543 108 
a-Amyra-12-en-3,11-dione (X 145+4 75 
Lanost-8-en-3-one (II 176+4 100 
a-Onoceradienedione (III 18l+1 117 
Allobetulone (V) 182+3 100 
Oleanonic acid (VII I85+2 QF 
Lanostan-3-one (I 213+9 55 
Cholestan-3-one 556+12 - 





*Dissociation constants of cyanohydrins in 80% dioxane—water at 25.0°, from the present work. 
+tRates of reaction with benzaldehyde at 25.0°, in 99°% ethanol 
100, ref. 1. 


tOnly one determination. 


relative to lanost-8-en-3-one = 


Fredelin and 4,4-dimethylcholest-5-en-3-one were too insoluble in 80° aqueous dioxane 
for any measurements to be made. In aqueous dioxane containing less water, the dis- 
sociation constants were immeasurably high. 
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NOTE ON THE INDUCTIVE AND MESOMERIC EFFECTS IN SUBSTITUTED 
BENZENE DERIVATIVES 


C. SANDORFY 


Inductive and mesomeric effects have become familiar terms with both organic and 
theoretical chemists since they were introduced by Ingold and others (1), and since the 
fundamental work of Wheland and Pauling (2). Among the numerous theoretical treat- 
ments we mention only those by Matsen (3, 4), who used an LCAO MO method combined 
with perturbation calculations, and by Murrell and Longuet-Higgins (5, 6), who used 
a simplified self-consistent field-molecular orbital method. 

In 1949, the present author (7) published a series of diagrams of electronic charge 
distributions in monosubstituted benzene derivatives where, as in phenol or aniline, two 
electrons of the substituent can interact with the z-electrons of the benzene carbon 
atoms. The simple Hiickel approximation of the LCAO MO method was used. 

The extent of the mesomeric effect due to the addition of two more mobile electrons 
to the system depends in this approximation on the difference between the Coulombic 
integral, ag, associated with the substituent, R, and a¢ for a carbon atom. This difference 
is taken to be proportional to the corresponding difference in electronegativities or ioni- 
zation potentials. The smaller these differences are, the easier it is for the electrons of 
the substituent to penetrate into the benzene ring orbitals. 

The inductive effect is due to the fact that the presence of the substituent modifies 
the potential field in the benzene ring with the main result that the carbon linked to the 
substituent will have a somewhat increased electronegativity. This again may be repre- 
sented by a supplement to its Coulombic integral, generally taken as a fraction of ag. 

It is interesting to see what would be the charge distribution if only the mesomeric or 
only the inductive effects are present. The purely mesomeric effect is obtained if we give 
an extra Coulombic integral to the substituent but none to the carbon linked to it. The 
purely inductive effect is obtained if we put the resonance integral between these two 
atoms, 8, equal to zero and we give an extra Coulombic integral to the carbon atom linked 
to the substituent. 

We have given (ag —ac) the successive values of —2, —1, 0, 1, 2, and 3 in 8 units and 
to (acp—@c) one tenth of the respective values of the former difference. All the resonance 
integrals were taken to be the same, 8 (except of course the one necessary to compute the 
pure inductive effect). 

In Fig. 1, the first row represents the pure mesomeric effect, the second row the pure 
inductive effect, and the third row the combined effect of the two. Electron charge 
densities (at the atoms) and bond orders (at the bonds) are as defined by Coulson and 
Longuet-Higgins (8). Overlap was neglected. The unit for the charges is the charge of an 
electron. Values greater than one represent partial negative charges, values smaller 
than one (or two for the substituent) partial positive charges. The second and third 
rows are taken from (7) and in the third row the last decimal is uncertain. 

The diagrams in the third row having respectively ag = 1, 2, and 3 are probably fairly 
close to aniline, phenol, and fluorobenzene. ag = —1 would be close to phenylphosphine. 

Figure 1 needs little comment. For positive values of ag the mesomeric and inductive 
effects are opposed and practically additive. The positive charge on the substituent is 
Can. J. Chem. Vol. 36 (1958) 
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determined only by the mesomeric effect, the negative charges in ortho and para by both 
effects. The ortho-para orienting character of the substituent is clearly brought out, 
as is the invariance of the meta position. 

For negative values of ag the situation is quite different. The very great positive charge 
appearing on the substituent because of the mesomeric effect is slightly diminished by the 
inductive effect, which from this point of view is again opposed to the mesomeric effect. 
The mesomeric effect sends a considerable negative charge into the para and ortho and 
even to the meta position, although much less to the last position. Curiously, the in- 
ductive effect leaves the ortho, meta, and para carbons practically unaffected. 

Thus, while the inductive effect does not alter the charge on the substituent for positive 
values of (ag—ac), it does influence the charges on the ring carbon atoms; the contrary 
is predicted for negative values of (ag—ac) in this approximation. 

The bond orders show that in the latter case, the benzene ring undergoes considerable 
deformation. The chemical behavior of the corresponding compounds should be in- 
teresting. 

The inductive effect changes symmetrically if we change the sign of ag but the 
mesomeric effect does not. The inductive effect affects not only the ortho position but 
also the para position. 

As we know today, the simple approximation used to obtain these results is not very 
accurate. It has yielded, however, so many qualitatively correct results that our findings 
should have a relative interest even though the method does not correspond to the 
latest stage of development in theoretical chemistry. 

The diagrams of the first row of Fig. 1 were obtained with the help of the Compution 
Centre of the University of Toronto. Free machine time was allotted by the National 
Research Council. The author wishes to express his thanks to these two institutions. 
Thanks are due to Professor D. Patterson for help in preparation of the manuscript. 


RESUME 
Dans cet article on donne des diagrammes de répartition électronique représentant 


l’effet mésomére pur et l’effet inductif pur des substituants sur le noyau benzénique ainsi 
que leur effet simultané. 
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THE CONFIGURATION OF GLYCOSIDIC LINKAGES IN OLIGOSACCHARIDES 
VII. 4-O-8-D-GALACTOPYRANOSYL-D-GALACTOSE FROM WHITE BIRCH WOOD* 


J. K. Grttwam, A. S. PERLIN, AND T. E. TIMELL 


Partial acid hydrolysis of an a-cellulose prepared from white birch (Betula papyrifera) 
wood has led to the isolation of a new disaccharide (1). The disaccharide is now shown 
to be 4-0-8-p-galactopyranosyl-D-galactose. 

*Issued as N.R.C. No. 4963 and as Paper No. 256 on the Uses of Plant Products. 
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The compound, isolated by chromatography on paper, crystallized from methanol. It 
had melting point 204°, [a]Jp +68°, and a degree of polymerization (2) of 2.0. Complete 
acid hydrolysis with hot 0.1 .V sulphuric acid required about 8 hours, indicative of the 
presence of a pyranosidic non-reducing end unit in the compound. The only detectable 
component sugar produced by hydrolysis was D-galactose, identified by its chromato- 
graphic behavior, specific rotation, and by conversion to crvstalline galactose 1-methyl- 
1-phenylhydrazone. 

In acetic acid solution the disaccharide consumed lead tetraacetate relatively slowly, 
1.8 moles being taken up in 30 minutes, which is consistent with the oxidation of a 
4-substituted aldohexose unit (3). When treated with 1.5 meles of oxidant it afforded 
a product which on hydrolysis yielded (chromatographic evidence) the expected pro- 
ducts, i.e., galactose, lyxose, and threose (3, 4). In 90% acetic acid and in the presence 
of potassium acetate | mole of carbon dioxide was liberated at a rate almost identical 
with that for methyl a-D-galactopyranoside (5), suggesting that formic acid was produced 
only from the galactopyranosidic non-reducing end unit. Further, the corresponding 
figure for lead tetraacetate uptake was 3.9 moles, which allows for the required con- 
sumption of 2 moles by the non-reducing end unit and for degradation of the reducing 
end unit to a di-O-formyl tetrose derivative by cleavage of carbon-carbon bonds 1,2- 
and 2,3- (4). These data are consistent only with the formulation of a 1,4-p-galacto- 
pyranosyl-p-galactose structure for the disaccharide. 

The new galactobiose is distinct from 4-O-p-galactopyranosyl-D-galactose derived from 
okra mucilage by Whistler and Conrad (6) and from pectic acid by Jones and Reid (7), 


9° 
" - 


since the latter disaccharide* gave a different X-ray powder diagram and has [a]p +17 
in contrast to the current value of [a]p +68°. It is clear, therefore, that the glycosidic 
linkage of galactobiose from birch possesses the 8-configuration which, at the same 
time, confirms the presence of an a-linkage in the disaccharide from okra mucilage and 
pectic acid. 
EXPERIMENTAL 

Isolation of the Disaccharide 

Alpha cellulose (400 g), prepared from white birch (Betula papyrifera) as described 
earlier (1), was heated with .V sulphuric acid (2000 ml) at 95° C for 40 minutes. After 
neutralization with barium carbonate the hydrolyzate was deionized and the mixture 
of products formed was partially resolved by chromatography on Whatman 3 MM 
paper using ethyl acetate: acetic acid: water (9:2:2) as solvent. A second chromatographic 
separation, using butanol:pyridine:water (10:3:3), afforded five disaccharide fractions 
(1). After several weeks in methanol, one of these fractions (98 mg) yielded crystals 
(25 mg) having m.p. 204° C (corr.) and [a]?? +68° (equilibrium value; c, 1.0, water); 
degree of polymerization found by the end-group method of Peat, Whelan, and Roberts 
(2), 2.06. The X-ray powder diagram of the compound was distinct from that of 4-O-a-p- 
galactopyranosy!-p-galactose; interplanar lattice spacings in A were as follows (relative 
intensities are given in parentheses): 7.85 (56), 6.56 (49), 5.40 (53), 4.50 (100), 3.76 
(71), 3.50 (47), 3.05 (44), 2.7 (diffuse) (51), 2.3 (diffuse) (44), 2.15 (23), 2.05 (30), 1.84 
(14), 1.60 (8), 1.46 (9), 1.40 (4). 
p-Galactose 1-Methyl-1-phenylhydrazone 

The disaccharide (2.74 mg) was taken up in 0.5 ml of 0.1 V sulphuric acid (found, 
[a]?> +66°, equilibrium value) and heated on the steam bath to constant rotation (af 
+0.22°+0.01°, 0.5 dm tube), which required 7.5 hours. After neutralization with Dowex-1 


*The authors are grateful to Prof. R. L. Whistler for providing a sample of this compound. 
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resin (bicarbonate form) the hydrolyzate was examined by paper chromatography using 
three solvent systems, each chromatogram suggesting that galactose was the only product 
formed and showing the presence of a trace of unhydrolyzed disaccharide. Accordingly, 
the specific rotation of the sugar produced on hydrolysis was [a]?> +77° (c, 0.576, 0.1 V 
sulphuric acid); (D-galactose has [a]?? +80°). 

To the neutral hydrolyzate 0.5 ml of ethanolic 1-methyl-1-phenylhydrazine acetate 
(8) was added; the solution was stored in the dark at 35° C for 12 hours and then at 
4° C for 9 hours. Crystals which formed were filtered off, washed with cold ethanol, and 
dried. Melting point 189-190°C (corr.), undepressed on admixture with authentic 
D-galactose 1-methyl-1-phenylhydrazone, m.p. 190-191° C. The known and unknown 
derivatives gave X-ray powder diagrams which were indistinguishable from each other. 


Lead Tetraacetate Oxidation of the Disaccharide 

(a) The galactobiose (1.0 mg), in 0.04 ml of water, was taken up in acetic acid (1.0 ml) 
and a solution of lead tetraacetate (5.0 mg) in acetic acid (1.0 ml) was added at room 
temperature. At 10, 20, and 30 minutes aliquots (0.5 ml) were withdrawn and the lead 
tetraacetate consumption measured by microtitration. Found: 1.0, 1.5, and 1.8 moles/ 
mole, respectively. Under the same conditions maltose consumed 0.8, 1.3, and 1.5 
moles/ mole, respectively. 

(6) In another experiment the galactobiose (1.1 mg) was treated with an aliquot of 
the lead tetraacetate solution equivalent to 1.5 moles of oxidant/mole. A negative 
starch-iodide test was obtained within two hours, water (2.0 ml) was added, divalent 
lead was removed with excess Amberlite IR-120, and the suspension was heated on the 
water bath for 2 hours. Examination of the hydrolyzate on a paper chromatogram, 
using two solvent systems and aniline oxalate spray (9), showed the presence of products 
corresponding to threose, lyxose, and galactose, in addition to unhydrolyzed material. 

(c) On oxidation in the Warburg respirometer in 90% acetic acid and in the presence 
of potassium acetate (5), the galactobiose (1.1 mg) yielded carbon dioxide (formic acid) 
at the following rate (comparative data is given for methyl a-D-galactopyranoside 
oxidized simultaneously), in moles/mole: 


Time (minutes) 15 20 40 60 80 140 
Galactobiose 0.33 0.80 0.97 1.02 1.04 1.09 
Methyl galactoside 0.32 0.73 0.89 0.98 1.01 1.01 


At 140 minutes the total consumption of lead tetraacetate was 4.95 moles/mole 
which, corrected for the oxidant used in converting formic acid to carbon dioxide (1.09 
moles/mole), corresponds to a lead tetraacetate uptake of 3.86 moles/mole by the 
disaccharide. 
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ADDITION OF PYRROLES TO 1,4-BENZOQUINONE* 


E. BULLOCKT 


Several workers have observed the formation of colored products from quinones and 
pyrroles (1, 2). In the reaction, four hydrogens are lost between two molecules of pyrrole 
and one of quinone, hydroquinone being a by-product. The structure I (2) is incompatible 
with the infrared spectra of the benzoquinone adducts of 2,4-dimethylpyrrole (Ia) and 
cryptopyrrole (Ib), since these show a ‘“‘bonded’” NH band at 3360 cm“. 

The cryptopyrrole adduct must therefore possess structure IIb and since the ultra- 
violet and visible spectra of the two adducts are almost identical, the product from 
2,4-dimethylpyrrole is formulated as IIa. Structure II gives a satisfactory explanation 
of the intense color of the compounds and their behavior with acid. 


R HN 
ae a 
“| N. AcH, ‘y ~CHy 
CH, N R NH 
I II 
Ia, R=H Ila, R=H 
Ib, R = CoH; Ild, R = C2Hs 


EXPERIMENTAL 
The adducts were prepared according to Pratesi (2) and recrystallized from chloroform. 


2,5-bis(2’,4’-Dimethyl-5'-pyrryl) p-benzoquinone (Ila) 

Calc. for C1sH,;s02N2: C, 73.41; H, 6.17; N, 9.97. Found: C, 73.26; H, 6.01; N, 9.55. 
Amax (chloroform): 324, 545-552 mu; log e: 4.45, 4.37. Infrared spectrum: (saturated 
solution in chloroform, 1-mm cell) absorbed at 3360, 1618, 1385, 986, 965 cm~. Solution 
in N,N-dimethyl formamide was violet, turning yellow on addition of concentrated 
hydrochloric acid, the color being restored after neutralization. 


2,5-b1s(2’,4’-Dimethyl-3'-ethyl-5'-pyrryl) p-benzoquinone (116) 

Calc. for CoxXH2sQ2Ne2: C, 75.39; H, 7.49; N, 7.99. Found: C, 74.94; H, 7.36; N, 8.22. 
Amax (Chloroform) : 327, 560-575 mu; log e: 4.49, 4.41. Infrared spectrum: (approximately 
50% saturated solution in chloroform, 1-mm cell) absorbed at 3360, 1615, 1387, 1066, 
993, 968 cm7!. 

Solution in N,N-dimethyl formamide was blue, turning very pale green on acidifi- 
cation; the solution became blue again on neutratization. 

The analyses are by Mr. H. Seguin and the infrared determinations by Mr. R. Lauzon. 


1. MouzAvu, R. and Repiicn, A. Ber. 44, 3605 (1911). 
2. Pratesi, P. Gazz. chim. ital. 66, 215 (1936). 
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AN INFRARED CELL FOR SMALL GAS SAMPLES* 


D. S. RUSSELL 


During the examination of some organic reaction products and the fractions from 
gas chromatographic separations, it was necessary to obtain the infrared spectra of very 
small gas samples. The conventional cylindrical gas cell usually provided for infrared 
work has a relatively large volume, most of which is not in the effective light path. A 
wedge-shaped metal cell has recently been available for small samples which provides 
much more efficient absorption of the light beam. Although the shape of this cell is 
quite satisfactory, there is no convenient method of transferring a gas sample to the 
cell completely from a vacuum system. 

In order to overcome this problem, a glass cell was made whose volume conformed 
roughly to the shape of the converging light beam of a Perkin-Elmer model 21 spectro- 
photometer. In addition a small freeze-out tube was added to the bottom so that a 
small gas sample could be condensed from a vacuum system. Thus quantities of the 
order of 0.03 ml could be completely transferred to give satisfactory spectra in com- 
pounds which exhibited a normal absorption coefficient. Using a spectrophotometer 
equipped with scale expansion this limit could be extended considerably further. 

The cell walls were constructed from flat pieces of pyrex glass fused together at the 
corners. A similar result could probably be obtained by flattening a slightly conical 
glass tube of appropriate dimensions. The ends were ground flat on abrasive paper on 
a plane surface. The sodium chloride windows were then sealed in place by a lead gasket 
which had been wetted with mercury. The cell assembly was clamped together in the 
usual way between two metal plates, and adjusted so that the light column fell on 
the slit when the cell was in place in the instrument. 

The cell as illustrated has a light path of 5.0 cm and a total volume of 7.5 ml, which 
is approximately 1/10th the volume of the 5.0-cm conventional cell. Although some 
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light was lost by the cell, it did extend the lower sample limit by at least a factor of five. 
In use, packets of silica were fastened over the windows while the sample was being 
condensed into the cell by liquid nitrogen to prevent condensation of moisture on them. 
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CORRECTIONS 
Volume 36, 1958. 


Page 371. Figure 1 should be replaced by the figure appearing below. 
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EES 


QUATERENE NUCLEUS 





Page 857. Reference 20 shculd read: “HaRLEY-Mason, J. and Bu'Lock, J. J. Chem. Soc. 712 
(1951). 


“ 


Page 1026. On line 13 ‘‘on this unnecessary detail’ should read: “‘on this in unnecessary detail” 


Page 1317. On the first line ‘‘contribution of the homogeneous reaction”’ should read: ‘contribution 
of the heterogeneous reaction"’. 


Page 1318. On the eighth line from the bottom of the page ‘Ea and s are experimental quantities” 
should read ‘‘E, and a are experimental quantities”. 


Page 1558. On line 13 “orientation polarization” should read: “distortion polarization’’. 


Volume 35, 1957. 
Page 513. In footnote 3 ‘3X10! should read: “2 10!°”’. 
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